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Abstract 
   Daily, huge amounts of solid waste are produced around the world with 70% increase rate. 
Municipal solid waste (MSW) including sewage sludge is the main waste generated in cities 
and towns. Proper waste management approaches are urgently needed. Despite numerous 
social and technical approaches were presented, this paper aims to employ plenty of solar 
energy specifically in the Middle East into a waste-to-energy solution. By using solar pyrolysis 
technology, this study aims to present a solar-powered design to convert sludge into oil. This 
design can be easily upgraded to a household device as a household waste management 
approach. Like other thermochemical reactions, solar pyrolysis of sludge produces bio-oil 
which has a reasonable calorific value making this technology is useful as a fuel source. 
However, unlike others, solar pyrolysis has low operation cost and not dependent on fossil 
fuel. Although this device is designed only for sludge, it can be used also to convert all kinds 
of domestic wastes including waste oils, plastics, rubbers, and municipality solid waste (MSW) 
into energy and oil. This research illustrates a novel design for a dryer that produce “a slude 
flacks” by using solar energy. Factors such as feasibility, continuity, productivity, drying time, 
and quality of the yield were considered in this design. A rotational dryer with φ 1m and 1m 
length was modelled by Solidwork software application to dry wet sludge of 75% water 
content. Different types of solar concentrators were employed to maximize productivity and 
minimize cost and area. However, the average daily production of this dryer per 8 sunny 
working hours was around 51.87 litters of bio-oil, 31.78 Kg bio-char, and 58.785 Kg syngas. 
The best results were measured when the average mass flow into the reactor is 21 kg/hr.  
   This study highlights solar pyrolysis efficiency in waste management. This research aims to 
develop a solar-powered system, using the sludge as fuel to generate energy. The 
experiments were done at Waikato University, NZ. As known, Waikato district is wet and 
cloudy most days in comparison to those countries on the Sunbelt such as Jordan. 
Interestingly, figures show that solar pyrolysis of sludge has high potential in Jordan and 
Middle East countries in term of plenty of solar energy and sunny days. However, although 
solar pyrolysis can be described as an affordable eco-friendly technology that can be used 
directly by householders as a source of energy, its viability and feasibility in Middle East still 
need further study. 
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Waste-to-Energy 
Solar pyrolysis of sludge, as a part of global solid waste issue, to produce oil 




1.1 Overview  
 
This thesis aims to bring together three fields; a reasonable solution for solid waste 
management, invest the solar energy as a sustainable energy, and to produce bio-oil, bio-char, 
and syngas as renewable sources of energy by designing a solar unit (receiver-reactor) 
suitable for this purpose, from sewage sludge. 
Therefore, this thesis has included seven subjects; 1) the issue of solid waste including its 
volume and causes, 2) the sludge as a part of solid waste issue and the potential energy 
recovery processes from sludge, 3) Pyrolysis technique which is a preferable thermochemical 
treatment method of sludge because of its high potential of bio-oil yield, 4) solar pyrolysis as 
a sustainable and eco-friendly technique to reduce fossil fuel using and operational cost. This 
subject discusses the feasibility of solar pyrolysis of sludge in Sunbelt countries such as Middle 
East and Jordan specifically as well as present technologies of harvesting solar energy and 
enhancing the productivity. 5) Drying process as an initial step in solar pyrolysis of sludge 
including present thermal techniques and challenges. 6) Finally, a novel design for a solar 
pyrolysis unit, mainly the solar dryer to produce “Sludge Flacks”. Schemes, calculation, and 
results are included to present the potential economic value of using this design for solar 
pyrolysis.  
This design is presented as first step in the final goal which is Household Solar Pyrolysis Unit 
(HSPU). HSPU can be a potential disposal option in waste management. 
However, although this design has limited scope at the moment, it can be easily upgraded to 
include very wide range of waste. Waste combustibility as an end-life process is the criteria 
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for useful waste for solar pyrolysis unit regardless to its biodegradability, properties, sources, 
materials, or its usage. Solid waste from municipalities, factories, forests and farms, meat 
processing companies and wastewater treatment facilities can be used as a feedstock for this 
unit. In addition, all types of plastic, tires, rubbers and waste oils are considered ideal 
feedstock for this unit due to its zero water content. Gaseous wastes and water-based liquid 
wastes are excluded. However, this study is to complete the great efforts are done globally to 
recover energy from solid waste specifically sewage sludge. 




Waste issue is a major source of global concern. Despite waste is companied with human 
being (Chandler et al, 1997) because most his activities generate waste (Brunner and 
Rechberger, 2014) and he is only who decides what waste is (Amasuomo & Baird, 2016), 
industrial revolution in the sixteenth century can be blamed as a main cause of the beginning 
of substantial increase in wastes generation. This comes as a result of hundreds of new and 
innovative materials and products (Tchobanoglous et al, 1993), population growth and 
economic development (Hoornweg & Bhada-Tata, 2012) as well as urban spread and 
population explosion in cities (Wilson, 2007). It has led to change in human behaviours, 
activities and consumption and then a surge in the quantity and variety of wastes generated 
(Williams, 2005). Recognizing the waste issue requires determining the waste volume and this 
in turn needs an adequate understanding for the meaning of term of waste (Amasuomo & 
Baird, 2016). Natural waste is produced as returned substances to the environment by 
organisms or living things. These wastes are recycled by other organisms as a part of the life 
cycle (EPA, 2006). However, human overloads the capacity of environmental recycling 
processes by generating continuous stream of material residues that are non-biodegradable 
or need long time to be degraded naturally (The Environmental Literacy Council, 2015) and 
thus need to be managed to reduce their effects. Therefore, waste can be defined concisely 
as any useful or useless matter that is unwanted, rejected, abandoned leftover and/or surplus 
which is then discharged or disposed into the environment (Lamb, Pogson & Schliebs, 2012) 
while The Australian/New Zealand Standard, AS/NZS 3831:1998, sees that waste can be 
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“materials and energy which have no further use and are released to the environment as a 
means of disposal”. The U.S. Environmental Protection Agency (EPA) is more specified in its 
definition to solid waste as 
 "any garbage or refuse, sludge from a wastewater treatment plant, water 
supply treatment plant, or air pollution control facility and other discarded 
material, including solid, liquid, semi-solid, or contained gaseous material 
resulting from industrial, commercial, mining, and agricultural operations, and 
from community activities."  
While Jordan Green Building Council (2016) defines Municipal Solid Waste (MSW) as  
“solid and semi-solid materials produced by households, as well as other waste 
similar in nature and composition resulting from any activity (commerce, offices, 
public institutions, etc.) and not included in the definition of harmful and 
hazardous waste, that are collected by or on behalf of municipal authorities or by 
the private sector (business or private non-profit institutions) and disposed of 
through the waste management system”. 
This includes broad range of compositions that are categorised into several groups based on 
different characteristics. Some of these common criteria include waste biodegradability: 
organic waste and inorganic waste, its direct impact on health and environment: hazardous 
and non-hazardous waste, its physical form: Solid, liquid and gaseous waste, its source of 
production: household or domestic waste, industrial waste, commercial waste, institutional 
waste, agricultural waste, construction and demolition waste, and mining waste, its reusable 
potentials: by-products waste, e-waste and recyclable waste, and its physical properties: 
compostable, combustible, and recyclable as well as its material: plastic, paper, glass, 
cardboard, etc., and its original use: food waste, packaging waste, etc. (American Veterinary 
Medical Association AVMA, 2019; The U.S Environmental Literacy Council, 2015; Hoornweg 
& Bhada-Tata,2012; Demirbas,2011; Dixon & Jones, 2005; White et al., 1995). 
Interestingly, Dijkema et al. (2000) defined the waste as anything labelled by the owner as 
such even if it is not. Meaning that what is waste for one individual can be a resource to 
another. This definition forms the concept of Waste-to-Energy.  
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The majority of Municipal Solid Waste (MSW) is produced by household and commercial 
practice. Household waste is treated as solid waste regardless of whether it is physically 
"solid" in actual (American Veterinary Medical Association, 2019). This waste is known as one 
of the hardest wastes in term of management due to its nature that consists of various range 
of materials. These materials are found totally mixed together (Fullerton & Raub, 2004).The 
Organisation for Economic Co-operation and Development, 2010). MSW includes household 
waste and commercial waste. MSW, including sewage sludge, is also variable in term of 
composition; geographically and seasonally. 
Economically, solid waste management is very expensive in term of the issue itself and in term 
of its consequences. Often, the cost of addressing solid waste impacts is many times higher 
than the cost of operating and developing simple and adequate waste management systems. 
Investing in sustainable waste management was suggested by The World Bank and the United 
Nation because it does make economic sense. According to the World Bank report: What a 
Waste 2.0 (2016), the current techniques of waste management and disposal are comprising 
20%–50% of municipal budgets. For example, on average, every single ton of solid waste costs 
30 $US for recycling, 50 $US for dumping, and 75 $US for incineration (University of Southern 
Indiana). Since 2000, the World Bank alone has committed over $4.7 billion to more than 340 
solid waste management programs around the globe. However, all of these programs are 
focusing on operating the essential municipal services which requires integrated systems that 
are efficient, sustainable, and socially supported but don’t involve deeply in technologies of 
energy recovery and potential renewable energy sources from solid waste.  
 
2.2 Solid Waste volume 
 
The solid waste issue began in the 16th century as a result of industrial revolution. This in turn 
resulted in waves of migrants to cities. This huge increase in cities population caused a 
substantial increase in wastes generation (Wilson, 2007). In these days, the world produces 
more than five billion tonnes per year of solid waste (Fullerton & Raub, 2004). As the waste 
volume increases, the diversity of the waste increases with various new types of wastes that 
are hardly degraded (Vergara and Tchobanoglous, 2012). Currently, Waste is one of the main 
environmental issues globally especially with current huge volumes. According to World Bank 
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Report WBR (2018), the world cities generated 2.01 billion tonnes of solid waste. This amount 
increases with increasing of the world population. With urbanization and rapid population 
growth, annual waste generation is expected to jump up to 70% increasing from 2016 levels.   
The waste production will likely increase to 2.2 billion tonnes per year by 2025 (about 1.42 
kg/capita/day) (Hoornweg & Bhada-Tata, 2012) and to 3.40 billion tonnes in 2050 (WBR, 
2018).  
According to WBR, the average production of person in 2016 was 0.74 kilograms per day. This 
rate varies around the world. High-income and developed countries only account for 16% of 
the world’s population but they generate over 34% of the world’s waste.  For example, the 
United States and Canada come in the top of the world countries as the highest generators of 
solid waste by producing about 2.58 kg and 2.33 kg per capita, per day, respectively (Wang, 
2019). This means that Americans who form 5% of the world population generate 40% of the 
global waste as the highest solid waste producers in the world (University of Southern 
Indiana). However, the waste issue may be worse with huge unaccounted amount of waste 
that can be seen clearly in streets and cities of poor and developing countries (Walsh, 2017). 
Consequently, more attention have been given to the environmental development when 
public officials began in the 19th century to use a safe controlled manner for waste disposal 
(Tchobanoglous et al, 1993). In addition to the remarkable reduction in side effects of solid 
waste disposal, due to the new regulation, this also resulted in increasing the benefits of 
waste itself. For instance, the trash production of the US alone in 2006 was 250 million ton. 
Nearly 33 percent of this volume had been recycled. This process had saved energy equivalent 
of about 38 billion litter of gasoline (The Environmental Literacy Council, 2015).  
Components percentage of MSW varies from city to another. However, the global urban solid 
waste production contains more than 46% organic materials (Hoornweg and Bhada-Tata, 
2012). According to statics of Food and Agriculture Organization of the United Nations FAO in 
2011, the MSW generated worldwide contains 1.3 billion tons of the edible food (Grilli, 
Bildstein & Lambertucci, 2019). Packaging materials which are mainly plastic have formed 
about one-third of global waste production (University of Southern Indiana). In term of plastic, 
there is estimation that 8.3 billion tons of plastic were produced in the period from 1950 to 
2015 (Geyer et al. 2017). More than 5.7 billion tons of this production had discharged as waste 
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and about 4.9 billion tons of this waste had found their way to landfills and the natural 
environment (Barnes, 2019). 
In Jordan, Jordanians generate daily about 3800 tons of MSW; 2620 tons in the middle region, 
780 tons in the northern region, and about 400 tons in the southern region (Daradki, 2008; 
Aljaradin, 2014). The total annual generation of MSW in Jordan according to a recent 
governmental estimation is 2.7 million tons which is estimated to increase by 2034 to 5.2 
million tons. Organic or bio-waste forms 60% of total generated MSW (European Commission, 
2018). However, the current policies in Jordan (Three R's approach; Reduce, Reuse, Recycle) 
have aimed to reduce the bio-waste landfilled by 75% in 2024 (European Commission, 2018).  
Dry sludge is considered as a part of municipal solid waste. In addition to other factors, the 
volume of sludge production depends significantly on dietary habits (Niwagaba, Mbéguéré & 
Strande, 2014). Communities with a diet consisting of a high fibre content produce a higher 
mass and volume of solid sludge compared to communities who have a higher meat based or 
highly processed food diet. However, wastewater treatment, in total, produces about 0.94 kg 
of dry solids per 3.78 m3 of wastewater treated (National Research Council, 1996). Means 
that every person, in average, deposits about 70 g of solids into wastewater per day. Counting 
'garbage grinders' that find their way to wastewater will raise this production to 100g per day 
(Boucher & Van Eeden, 1994). However, knowing that the activated sludge often has solids 
content of about three percent by weight, the following equation can be used to calculate the 
daily production of sludge (Lenntech BV): 
 
Where 
Q = wastewater flowrate (m3/d) 
S0 = influent soluble substrate concentration (bsCOD) (BOD or bsCOD g/m3)  
S = effluent soluble substrate concentration (bsCOD) 
X0,i = nbVSS concentration in influent (g/m3 or mg/l) 
iTSS = inert inorganics Total Suspended Solids (iTSS) (g/m3) 
XT = total MLVSS concentration (g/m3 or mg/l) 
SRT = Sedimentation Retention Time (SRT) (day) 
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VSS0 = influent Volatile Suspended Solids [g VSS/m3] or [mg/l] 
TSS0 = influent Total Suspended Solids [g TSS/m3] or [mg/l] 
Kinetic Coefficients 
k = maximum rate of soluble substrate utilization (g COD/g∙d)  
Y = biomass yield (g VSS/g COD used) 
kd = endogenous decay coefficient (g VSS/g VSS∙d) 
Ks = half-velocity constant (g COD/m3) 
fd = fraction of biomass that remains as cell debris (g VSS/g VSS) 
The daily sludge production is:  
PX,T,VSS (kg VSS/d) 
PX,T,TSS  (kg TSS/d) 
 
In term of using thermochemical treatment methods for solid waste management, this 
equation can provide the designer with the approximate volume of required treatment plant. 
 
2.3 Why solid waste is an issue? 
 
Unprocessed MSW including sludge has many negative impacts on the environment and 
human health. Its environmental impacts includes global warming due to harmful gases 
emissions (such as methane, Dioxins, sulphur, and PAN), health issues and diseases (such as 
different types of cancer), air pollution and groundwater contamination (El-Naqa, 2005), 
vegetation and cattle issue as a result of plastic bags, heat exchange which results mainly from 
direct burning of rubbish, and the financial cost of recovery (Amasuomo & Baird, 2016). Open 
dumps that are world widely used specifically in developing countries are breeding grounds 
for vermin and rats. This likely to result in outbreak of epidemics and then high death tolls 
(Amasuomo & Baird, 2016). 
Non-biodegradable waste such as plastic is also another tragedy issue (Barnes, 2019). Plastic 
alone forms 12% of the total annual generation of waste. With only 5.5% of global waste is 
composted and 13.5% is recycled, high percentage of this plastic chokes oceans, ecosystems, 
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and waterways and then the food chain (Auta, Emenike & Fauziah, 2017). According to Islam 
& Tanaka (2004), plastic makes up 90% of marine debris which threatens curtails biodiversity 
and potentially everyone on the planet (Barnes, 2019). Although physical blockages from 
plastic debris as well as ingestion stress problems are direct harms to aquatic organisms, 
leakage of plasticizers, exposure to persistent organic pollutants (POPs) are other harms 
(Barnes, 2019). These contaminants are able to cause changes in endocrine disruption and 
metabolic processes and hence changes in behaviour (Oliveira et al., 2013; Rochman et al., 
2014). Moreover, plastic debris in aquatics reduces photosynthesis and growth of primary 
food producers such as algae, causes entanglement of aquatic organisms, and affects the 
reproductive ability of crustaceans (Barnes, 2019). However, although plastic waste affects 
the land-based ecosystems, its impacts still not well understood (Horton et al., 2017).  
 
 
2.4 The causes behind waste issue 
 
Up-normal change in human life style can be generalized as the main reason behind waste 
issue. Industrial revolution, migration, wellbeing, and forced migration due to wars (refugee) 
are some examples for this change. However, causes of waste issue can be classified into two 
main groups; Social reasons, and high production of non-degradable products such as plastic, 
tires, and waste oil. 
 
2.4.1 High production of non-degradable products 
 
The industrial revolution was the milestone in the history of waste generation (Wilson, 2007). 
This revolution has resulted in producing heaps of non-degradable products such as different 
types of plastic, tires, rubber, and waste oil. A single use products such as packaging and 
catering plastic has maximized the issue. This led to increase in waste flux and then the total 
volume of wastes generated. The wide variety in waste composition has deepened the waste 
issue significantly (Amasuomo & Baird, 2016). 
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2.4.2 Social issues (population density, demographic, convenience and motivation) 
 
Industrial revolution and wars led to a significant demographic changes. Migration from rural 
areas to towns and cities to seek wellbeing as well as huge migration from country to another 
to seek asylum from wars has led to more urban spread. Sudden urbanization changes the 
population density and lead to population explosion in hosting cities or countries and then a 
surge in waste volume generated (Amasuomo & Baird, 2016). For instance, 20% of total solid 
waste volume in Jordan being generated by Syrian refugees (European Commission Annex, 
2018). 
The poor education system results in poor behaviour in regard of waste management. The 
large population in cities with high level of non-educated people give rise to indiscriminate 
littering as well as open dumps. According to Walsh (2017), "One of the surest signs that 
you're in a developing country is the trash beneath your feet”. Developing countries suffers 
from poor education system and low levels of wellbeing. 
Economic development also leads to more wellbeing and high rates of income. This results in 
more waste production. Developed and high-income countries combined are generating over 
one-third (34%) of the world’s waste although they only account for 16% of the world’s 
population (The World Bank Report, 2018). 
 
 
2.5 Current solutions 
 
2.5.1 Social and political options  
 
Current waste management development stands on three main balanced pillars; 
environmental, economic, and social (McDougall et al., 2008). These pillars rely on society 
awareness and governmental legislations; both strategic and end-of- pipe (White, Franke & 
Hindle, 2012). However, to achieve the best waste management, great efforts are done 
nationally and globally to recover solid waste. United Nation has a special department that 
concern about waste issues. This department has launched The United Nation Environmental 
Programme (UNEP) to support the implementation of integrated solid waste management 
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systems in several countries. Its work also focuses on the proper treatment of special wastes 
(electronics, agricultural biomass, plastics) in developing countries. Since 2000, the World 
Bank has committed over $4.7 billion to more than 340 solid waste management programs 
around the globe (The World Bank Report, 2018). 
In Jordan, several national projects have been launched in the last two decades to raise up 
the social awareness about solid waste issue. Many national organisations such as 
Environmental society of Jordan, Green Generation Environmental Association, Jordanian 
Society for the Environment, and Association of Treated Water Users and Environmental 
Protection are working in Jordan to achieve the three Rs approach (Reduce, Reuse & Recycle). 
In addition to their regular public meetings with locals in urban suburbs and rural areas, they 
have launched regular campaigns to clean up Jordan. Their actual projects target paper, glass, 
plastic, metal cans, bags and different types of solid wastes. 
However, all of these programs are focusing on operating the essential municipal services 
which requires integrated systems that are efficient, sustainable, and socially supported but 
don’t involve deeply the technology and renewable energy sources in solid waste recovery. 
Implementing technology can be introduced as the fourth pillar of waste management 
development.  
 
Figure 1: Pillars of balanced sustainable development. (McDougall et al., 2008) 
 
2.5.2 Current waste disposal options 
 
Governmental legislations and local laws are strictly control any project to dispose waste. The 
Reduce, Reuse, and Recycle approach is the step before waste disposal. The most commonly 
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applied technical processes to dispose urban waste are anaerobic digestion AD and 
composting (for bio-waste or biodegradable waste), landfills (due to its relatively low cost), 
and incineration (Morero et al., 2020). Without using high detecting levels, composting can 
produce some pathogens that find their way to the environment as fertilizers (EPA). Potential 
pollution, local laws, high investment cost and the need to huge volumes of waste supply 
continuously are limiting incineration implement at a large scale especially in low populated 
areas (Fernández-Gonzalez et al., 2017; Morero et al., 2020).  
Thermochemical processes such as carbonization, pyrolysis, and gasification are also 
introduced as the end-life waste treatment methods or energy recovery methods from waste. 
These methods rely mainly on fusel fuel and electricity to produce high temperature to start 
up the process which minimizes their sustainability as well as reduces their economic benefit. 
Some projects at a labritory scale have been developed to heat up the pyrolysis feedstock by 
solar energy (Zadik & Israel, 2011, Rahman & Aziz, 2018; Zeaiter et al., 2018). Developing a 
sustainable and fundable pyrolysis unit is required. 
 
  





Globally, finite resources such as food, water, land space and energy are facing high demands 
due to the rapidly urbanization growth and increasing population. Escalating volume of 
sewage sludge gives clear and direct indication about the increasing waste globally and its 
overlooked consequence. On other hand, environmental challenges such as pollution, global 
warming, and waste management issues have been also intensified as a result of that. In the 
last two decades, the global trend has been toward sustainable strategies and policies. Sludge 
processing technologies for energy production and waste management such as anaerobic 
digestion (AD), and composting, or final disposal treatment such as incineration and landfills 
have been popular currently due to their relatively low investment cost (Hoornweg & Bhada-
Tata, 2012). However, they have high potential risk on the environment and human health. 
Sustainable waste-to-energy techniques such as solar pyrolysis and gasification can be 
introduced as a reasonable and valuable solution. 
 
3.1.1 Overview of the global volume of sludge production 
 
Sludge production increases continuously due to the rapid increasing in population. 
Urbanization, economic and population growth have led to deepens sludge issue. Huge 
volume of sludge that produced daily is a prominent global concern.  Sewage sludge 
production is estimated at the rate of 0.1 to 30.8 (kg/p.e/year) (Peccia & Westerhoff, 2015; 
Yang, Zhang & Wang, 2015; Kelessidis & Stasinakis, 2012). According to Spinosa (2007), global 
generates annually more than twenty million tonnes of dry matter. This volume increases 
rapidly due to continue growing in population, urbanisation, and industrialisation. For 
instance, Europe alone produced approximately 8.2 million tons of dry solids (DS) in 2003 
(Sanin et al. 2011). Later in 2010, European Commission estimated in its report that the annual 
production of sludge has increased to be 11.5 to 12 million tons of DS (Peeters, Dewil & Smets, 
2014), whereas this number is estimated to jump up to 13.0 million tons of DS in 2020 (Milieu 
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Ltd., 2008). In the same vein, the United States produced 8 million tons of DS in 2010 (Peeters, 
Dewil & Smets, 2014) and about 49 trillion litres of sludge in 2017 (Seiple, Coleman & Skaggs, 
2017) while the annual production of sludge has been estimated at 20 million tons of DS in 
China for the same year 2017 (Syed-Hassan et al., 2017; Hu et al., 2016; Han et al., 2015; Li et 
al., 2015) and more increase has been projected in the future (Seiple, Coleman & Skaggs, 
2017). Sludge production and treatment in turn is one of main global sources of methane 
emissions which plays a key role in global warming as green gas (Meegoda et al., 2018). For 
instance, wastewater treatment in the U.S. in 2015 had constituted the seventh largest 
sources of this gas (Figure 2) and collectively, wastewater treatment, animal waste treatment, 
and landfills had produced almost 45% of methane gas as a CO2 equivalent (EPA, 2018). 
 
Figure 2: The sources of methane emissions in US in 2015 by percentage (EPA, 2018). 
 
Jordan, in turn, despite approximately 85% of Jordanians are now served by wastewater pipe 
network, there are 18 wastewater treatment plants. The annual production of these facilities 
is about 300000 m3 of liquid sludge and 15,000 m3 of dewatered sludge (Suleiman et al., 2010). 
Solar drying beds are the common used method in these plants for thickening of sludge or to 
produce dry sludge (bio-solids). Most of this dry sludge in turn is either hauled off at nearby 
landfills or stored on-site. The annual cost of hauling dry sludge in Jordan (transportation cost) 
is more than one million US dollars. 
The regulations of sludge disposal in Jordan have been changed. The current regulations aim 
to invest any potential opportunity to create beneficial use of the sludge (Suleiman et al., 
2010). Thus, the As-Samra plant has established in 2003 as the largest plant in Jordan to serve 
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more than 3 million people. The hydraulic influent flow rate of As-Samra plant is 364,000 m³ 
per day (SUEZ - As Samra, 2014). Mesophilic anaerobic digestion is used to treat the sludge. 
Sludge is treated to about 20 days to generate biogas which is used for energy production 
(electricity) as well as to produce Class B liquid bio-solids (USEPA Rule 503 requirements, 
1993). The total solid content of liquid bio-solid is about 3% which is dried into solar beds up 
to 90% solid content before landfill disposal (Suleiman et al., 2010). 
As-Samra plant is the first wastewater treatment plant in the world in term of energy 
efficiency. It is almost fully energy sufficient. It generates 230,000 kWh of green energy per 
day and save 300,000 tons of CO2 emissions per year (SUEZ - As Samra, 2014). However, 
currently, there is no plan in Jordan to reuse or to get more benefit from dry sludge. In As-
Samra plant and all the other plants, most volume of generated dry sludge is sent to landfills 
(Suleiman et al., 2010). 
 
3.1.2 Treatment process and components of sludge 
 
   Sludge is a part of municipal solid waste that is produced as a result of human nature. 
Sewage sludge is generated from wastewater treatment plants or facilities as liquid, semi-
solid or solid waste. The water content of sludge can reach 98% when it arrive treatment 
plants which requires further chemical, mechanical and thermal treatment to get it in dried 
solid phase with moister content less than 10 wt%. Briefly, sludge is produced through many 
stages. The preliminary treatment process starts when wastewater arrives to wastewater 
treatment facilities by screening. This followed by using initial straining to remove large 
particles such as stones, grits, sand, etc.  Wastewater is moved then to sedimentation tanks. 
In these tanks sludge settles down due to gravitational force. Gravity takes a place to form 
slurry sludge which becomes easy to be removed from the bottom of sedimentation tanks 
(Syed-Hassan et al., 2017; Harrison et al., 2006). Sedimentation marks the point of elementary 
sludge generation which is followed by coagulation and flocculation for more settlement or 
flotation and then filtration (Daud et al., 2015).  In most waste water plants, sludge goes after 
that through aerobic and anaerobic digestion processes for more treatment (Liu & Wang, 
2017; Lofrano & Brown, 2010). Produced sludge is known by its physical properties as high 
ratio of liquid to solid matter. Concentration of solid particles in treated sludge ranges from 
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10 to 25 wt% from <3 wt% in the original wastewater (Syed-Hassan et al., 2017; Seiple, 
Coleman & Skaggs, 2017; Magdziarz, Dalai, & Koziński, 2016; Cieślik, Namieśnik & Konieczka, 
2015). Components of sludge and its solid-liquid ratio is affected also by the source of 
wastewater itself such as domestic, industrial or commercial processes (Oladejo et al., 2019). 
Sludge as a solid phase is an in-homogenous mix of carbohydrates, proteins, oils, fats, range 
of living and dead micro-organisms and inorganic matters. This mixture results in a putrid 
matter which is volatile, unstable, and consists of many toxic elements (Cieślik, Namieśnik & 
Konieczka, 2015).  
   Calorific value of sludge depends on its organic contents. They, in turn, depend significantly 
on sludge’s properties. Properties of sludge are highly variable and influenced by its origin 
(domestic, industrial, medicine, cosmetics and textile materials, etc.), seasonal variations, 
environmental requirements, treatment system of wastewater, and its production process 
such as drying method (Magdziarz, Dalai, & Koziński, 2016; Mulchandani & Westerhoff, 2016). 
However, in addition to water content, constituents of sludge can be categorized as following 
(Meegoda et al., 2018; Roubík et al., 2018; Syed-Hassan et al., 2017; Tsai, 2012):  
1. Toxic inorganic compounds which are highly concentrated in sludge more than other solid 
fuels. These compounds mostly come from biological, physiochemical processes and 
corrosion in pipelines. For instance, heavy metals which are mostly pollutants such as arsenic, 
lead, mercury, cadmium, silver, copper, nickel, cobalt, zinc, and chromium. 
2. Toxic organic compounds like Polycyclic Aromatic Hydrocarbons, and dioxins which are also 
pollutants. 
3. Non-toxic inorganic compounds such as compounds that contain silicon, calcium, iron, and 
aluminium. 
4. Non-toxic organic compounds which descend mostly from plant origin. They have highly 
volatile content and form about 48% of the dry solid. Their heating value ranges from 11.10 
MJ/Kg to 22.10 MJ/Kg which forms about 60% of the total energy content in wastewater. 
5. Nitrogen and phosphorus compounds which come from sugars, proteins, peptides, and 
fatty acids. 
6. Living and dead micro-organisms which are biological pollutants and pathogens. 
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3.1.3 Present methods of sludge disposal 
 
   From a long time, sea dumping has been the preferable choice for sludge disposal 
particularly in developing countries or may be continents like Asia and Africa due to the high 
cost of appropriate disposal and treatment (Syed-Hassan et al., 2017; Mills et al., 2014). In 
China for example, water bodies currently improperly receive approximately 85% of its 
produced sludge as a last station in sludge’ lifecycle (Syed-Hassan et al., 2017). In developed 
countries which in turn have been stricter and have banned sea dumping to offer other 
disposal alternatives such as landfilling, incineration, composting, and reclamation of land. 
Sludge constituents such as heavy metals, phosphate, pathogens, and organic pollutants rise 
high concerns from health and environmental perspective especially due to its predominant 
utilization as a fertilizer in agricultural applications as a recovery method (Ding, Chang, & Liu, 
2017; Włodarczyk-Makuła, 2016; Chan & Wang, 2016; Xu, Chen & Hong, 2014; Lee, 
Parameswaran & Rittmann, 2011). However, restrictive environmental standards are 
increasingly enforced (Fonts et al., 2012), therefore, these methods are also subjected to 
strict laws to avoid improper dumping. Due to the increase of global demand on sustainability, 
the requirements to process sludge in energy recovery applications such as thermal reactors 
including incineration (Niessen, 2010), thermochemical reactors including pyrolysis, 
gasification (Basu, 2018), hydrothermal liquefaction (Gollakota, Kishore & Gu, 2018), 
torrefaction, hydrogenation and esterification (Strezov & Evans, 2015; Elliott et al., 1991) have 
increased (Seiple, Coleman & Skaggs, 2017) because of their positive impact in term of 
reducing environmental footprint, landfill requirements as well as minimizing sludge’ impact 
on the food supply, land, and groundwater (Cieślik, Namieśnik & Konieczka, 2015). In addition, 
these processes offer verity of sludge derived products such as phosphorus, raw rare metals, 
ash, syngas, chemicals and biofuel or organic fuels (Oladejo, et al., 2019). 
   Treatment and disposal methods of sludge are highly challenging because of its high content 
of heavy metals, toxics, and activated organics which are recognized as environmental 
hazards affect living being, soil and water sources (Cieślik, Namieśnik & Konieczka, 2015). 
Different methods can be apply for consequent treatment. Most them can be classified into 
three categories: physical such as heat, pressure, vibration, or microwaves; biological such as 
digestion or composting; and chemical such as alkalinity adjustments or oxidations. Stability 
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of the organic matters in the primary sludge such as odour elimination, pathogens destruction, 
and decrease of volatile contents is the main goal of these methods which in turn maximizes 
nutrient recovery, improves effluent’s quality, and/or facilitates disposal process by making 
it safer. Product of stabilisation process may undergo further biological treatment to produce 
secondary sludge (Syed-Hassan et al., 2017; Mulchandani & Westerhoff, 2016; Chan & Wang, 
2016; Vaxelaire & Cézac, 2004). For example, anaerobic digestion is used as a technique for 
energy recovery due to its capability to produce biogas from the anaerobic digester and to 
produce secondary sludge that can be used as a fertilizer (Winkler et al., 2013).  Thermal 
treatment techniques are other example for stabilisation methods. Utilizing these techniques 
requires drying as one of initial pre-treatments (Chen, Lock Yue, & Mujumdar, 2002; Vaxelaire, 
et al., 2000; Grüter, et al., 1990) and produces normally char and ash as solid output rather 
than secondary sludge (Oladejo, et al., 2019). 
 
3.2 Potential energy recovery from sludge   
 
   Despite properties of the sludge are variable physically and chemically as a result of the 
variety of sewage types (Spinosa, 2011; Fytili & Zabaniotou, 2008), energy content of dried 
sludge varies between 11.10 to 22.10 MJ/Kg due to its high volatile organic content that 
ranges from 21% to 48%. However, stabilization or biological digestion (aerobic and anaerobic) 
also affects the sludge calorific value and organic content of sludge. Raw sludge consists of 
70-85% organics of DS which decreases after digestion to become 45-60% of DS. Organic 
content represents the combustible fraction of sludge, therefore, the high calorific value of 
activated sludge ranges approximately between 15-22 MJ/kg of DS due to the mineral content 
of sludge that does not degrade by thermal processes. The mineral content of sludge ranges 
between 33.3%-55% of sludge dry mass. In opposite, the high calorific value of dried digested 
sludge is lower than activated or raw sludge. It usually ranges between 11-16 MJ/kg of DS 
(Flaga, 2007).  
   This energy content indicates that dried sludge may be the best biomass for thermochemical 
treatment because of its high calorific values (Syed-Hassan et al., 2017; Tsai, 2012). Heating 
value of sludge and the necessity to efficiently eliminate its organic content before disposal 
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are the core of its suitability as a solid fuel. Consequently, using dried sludge for energy 
recovery may be the most attractive techniques to reduce waste volume as well as recover 
heavy metals and/or nutrients (Oladejo, et al., 2019). 
   Each sludge has two different values Low calorific value LCV and high calorific value HCV. 
These two values of the same sludge are used as energy parameters of sludge that used as a 
fuel, therefore, combustible fraction or the moisture content should be defined in sludge dry 
solids. HCV which is the most reliable and precise parameter of energy content of sludge 
indicates to the energy from water-free sludge or completely dry solids (DS) whilst LCV 
indicates to the energy from wet sludge solid  and its real value can be calculated by the 
following equations (Flaga, 2007): 
=  × (1 − ) −  × ( +  9 ) 
[MJ/kg of wet sludge] 
= , . .  × ( − − ) −  × ( +  ) 
[MJ/kg of wet sludge] 
Where 
 = low calorific value from wet sludge.  
 = high calorific value of sludge [MJ/kg of water-free sludge] 
, . .  = high calorific value of ash- and water-free sludge 
 = enthalpy of water evaporation at the ambient temperature. 
 = weight of fraction of combustible hydrogen in combustible mass of wet sludge. 
 
   If weight of combustible hydrogen is not specified, then empirical formulas for different 
types of sludge that assume typical values of H can be used (Flaga, 2007): 
For raw sludge: 
= , − ,  ×   
[MJ/kg of wet sludge] 
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For digested sludge: 
= , − ,  ×   
[MJ/kg of wet sludge] 
 
   It is important to notice that high calorific value of sludge is not equivalent to the quantity 
of practically heat used. Although Tanner’s triangle has been designed for communal or 
municipal solid waste combustion (Figure 3), it can be used to estimate the possibility of 
autothermic combustion of sludge without supplementary fuel (Flaga, 2007). The triangle 
demonstrates mass shares of ash or mineral content, water or moisture content, and 
combustible or volatiles content corresponding with coordinates. The total summation of 
mass shares must count 100% of primary sludge mass. The limits of autothermic combustion 
of sludge are presented in the darkened area. 
 
Figure 3: Tanner’s triangle for possibility of autothermic combustion of sludge without supplementary fuel. (Flaga, 2007 as cited in 
Hoffman & Marmsjö, 2014) 
 
 
3.3 Properties of sludge: Challenges and benefits  
 
Differences in the properties of sludge present many technical challenges such as reducing 
the moisture content, nitrogen and heavy metal content which influence the energy recovery 
reactions and process. These factors namely moisture content is a prominent challenge 
particularly for thermochemical processes and must to be considered for any successful 
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deployment of sewage sludge to energy recovery (Oladejo, et al., 2019). Drying sludge has 
been addressed by several research and studies to offer practical and sustainable solutions 
(Vaxelaire & Cézac, 2004). However, highly distinctive and complex compositions of sludge 
(Chan & Wang, 2016) as well as its behaviour during drying process such as sticky phase 
(Tunçal & Uslu, 2014; Peeters, Dewil & Smets, 2014,  Bennamoun, Arlabosse & Léonard, 2013) 
and its degradation behaviour during thermal processing (Lu et al., 2012; Inguanzo et al., 2002) 
have led to examine the effectiveness of mixing sludge with other solid fuels such as biomass 
like rice husk or sawdust (Ding & Jiang, 2013), biomass ash, pyrolysis ash, and polyelectrolyte 
(Wójcik & Stachowicz, 2019) dried sludge (Peeters, Dewil & Smets, 2014; Flaga, 2005) and 
polyaluminiumchloride (PACl) (Peeters et al., 2013) to improve its properties, performance 
during processing and hence pyrolysis yield distribution and properties.  
    Previous proximate and ultimate analyses of sludge indicate that sludge, in compression to 
other biomass, has higher volatile content, lower fixed carbon (Syed-Hassan et al., 2017; 
Mulchandani & Westerhoff, 2016), higher mass content which is mostly calcium, sodium, 
magnesium, aluminium, titanium, iron, silicon, and phosphorus (Chan & Wang, 2016), higher 
hydrogen, higher nitrogen because of its peptides and protein content, higher oxygen and 
sulphur content, while its carbon contents are still comparable to lignite and biomass (Chan 
& Wang, 2016; Vaxelaire & Cézac, 2004). Therefore, sludge can be one of most valuable 
renewable feedstock for thermochemical processes such as pyrolysis. 
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4. Pyrolysis 
 
   Pyrolysis has been given high attention as a process that has zero-waste energy recovery 
and its emissions namely gas require limited clean-up facilities (Oladejo, et al., 2019). Pyrolysis 
can be considered as a sequence of development in waste and sludge management 
technologies because of the restrictions on sea dumping, land disposal, agricultural reuse 
(Fonts et al., 2012). Furthermore, microorganism activities in anaerobic treatment of sludge 
cause potential emissions of greenhouse gases (Wang et al., 2013) and incineration generate 
huge amount flue gas which needs to be treated with extra cost (Gradus et al., 2017; 
Kishimoto et al., 2001). Therefore, thermochemical treatment technologies might be a 
current suitable alternative economically and environmentally (Chan & Wang, 2016). 
   Pyrolysis is one of thermochemical energy recovery methods in addition to others such as 
combustion or incineration, gasification, and hydrothermal liquefaction which are 
characterised by their short reaction time (Oladejo, et al., 2019). They are also characterized 
by their high energy consumption (Jin et al., 2004) which results from the necessity to reduce 
the moisture content of sludge by drying or dewatering sludge as an important pre-processing 
requirement (Grüter et al., 1990) and for reactors. Despite incineration has been the 
predominant energy recovery method (Oladejo, et al., 2019) right now, pyrolysis conversion 
process has the capability to convert sludge into valuable product (Czernik & Bridgwater, 2004) 
instead of only heat. Moreover, pyrolysis could recover the resources of hydrogen and carbon 
from the residues, reduce the waste’ volume, degrade the toxic organic compounds, fix or 
minimise present of heavy metals in residues (Nordin, 2015; Nzihou & Stanmore, 2013) and 
hence reducing landfilling and sludge disposal cost (Marrero et al., 2004). From 
environmental perspective, pyrolysis also could reduce the furans formation as well as the 
formation of dioxins, NOx, SOx, and greenhouse gas emissions (Yi, Jang & An, 2018; Arena, 
2012).  
   Pyrolysis of sludge can be defined as a controlled rapid thermal degradation or 
decomposition of 80% or more of sludge organic matter or feedstock at moderate reacting 
temperatures (range from 350◦C to 600 ◦C) (Basu, 2018) to high reacting temperatures (up to 
900 ◦C) (Ruiz et al., 2013; Zhang, Xu & Champagne, 2010) in inert (non-reactive) atmospheres 
with completely absence of oxygen which is considered as one of the main benefits of 
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pyrolysis process in comparison to others such as anaerobic (Ruffino et al., 2016). The 
complete absence of oxidation agent can be the main difference between gasification and 
pyrolysis which is referred to sometimes as incomplete gasification (Kirubakaran et al., 2009). 
Depends on sludge properties and the nature of wanted yield (oil, gas, char), reaction time 
ranges from seconds to a min. In addition to reaction time which is defined as residence time 
of sludge in the reactor, the product distribution and hence energy content of products are 
also affected by heating rate and operating temperature (Basu, 2018). Depending on these 
variables, pyrolysis produces biochar, bio-oil, and two types of gases; primary and secondary 
gases. Other aqueous products of sludge pyrolysis might appear such as tar, acetic acid, water, 
acetone and methanol (Basu, 2013). 
   Primary gaseous products of pyrolysis are two types: non-condensable such as light 
hydrocarbons, CO, CO2, H2, CH4, C2H4 and C2H6 (Chan & Wang, 2016; Valo, Carrere & Delgenes, 
2004) which are used predominantly for heat and electricity generation via combustion 
(Bianchini et al., 2015). Second type is heavy molecules gases which are condensed by cooling 
and added to liquid yield. Furthermore, condensable gases can be cracked to produce 
additional non-condensable gases known as secondary gases. Primary gas has LHV 11 
MJ/Nm3 while LHV of secondary gas is 20 MJ/Nm3 (Basu, 2013). 
   Biochar forms about 10-20 wt% of biomass. It is a mixture of ash (from minerals) and 
carbonaceous residue. Biochar contains oxygen, hydrogen and about 85% of its components 
is carbon. Its LHV is 32 MJ/Kg which is higher than LHV of biomass (Basu, 2013). Biochar can 
be used as a catalyst, in adsorption application, and as a solid fuel to generate heat and then 
electricity via combustion.  
   Bio-oil in turn has a colour differs between black to dark brown. Bio-oil is a tarry liquid 
consists of organic compounds and water. Water forms around 20-30 wt% of its total 
components (Lehto et al. 2014). Organic compounds consist of alcohols, acids, aldehydes, 
alkene, aromatics, esters, furans, guaiacols, ketones, phenols, syringols, sugars, and 
miscellaneous oxygenates and nitrogen compounds (Ringer, Putsche & Scahill 2006). In other 
words, bio-oil is a complex mixture of homologous phenolic compounds namely water, 
complex hydrocarbons and huge amount of oxygen. However, the lower heating value (LHV) 
of bio-oil ranges between 13 to 18 MJ/Kg and its molecular weight exceeds 500 Daltons (Basu, 
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2013). Bio-oil is highly polar and non-immiscible with petroleum-based hydrocarbons 
(Campuzano, Brown & Martínez, 2019).  
   Bio-oil can be subjected for further treatment to produce H2 and CO which called syngas or 
synthesis gas for chemical production or can be upgraded to be used as a liquid fuel for diesel 
engines or for combustion. Upgrading process works to improve the physical-chemical 
properties of bio-oil such as its acidity, viscosity, and heating value as well as to decrease its 
high oxygen content to be used as liquid fuel. Current bio-oil upgrading techniques are 
catalytic cracking, hydroprocessing, and distillation (fractional and reactive) (Kabir & Hameed, 
2017; Gollakota et al. 2016; Martínez et al. 2014). 
   However, due to its reasonable caloric value and high storage availability, liquid yield is 
highly preferable (Basu, 2018) and pyrolysis is mostly applied to maximize this yield (Oladejo, 
et al., 2019). According to Fonts et al., (2012), pyrolysis can produce around 50 wt% dry and 
ash free (daf) liquid yield. Therefore, low residence time of feedstock in the reactor at high 
temperature promotes liquid production while high residence time of feedstock at the same 
temperature promotes gas production (Campuzano, Brown & Martínez, 2019). On the other 
hand, the yield of char decreases with increase in temperature (Balat et al., 2009). The energy 
density of the liquid produced can be 5 times higher than the original feedstock. Therefore, 
fast pyrolysis is more attractive than other pyrolysis types as well as other treatment methods 
such as combustion and gasification (Williams, 2013). 
   Figure (4) demonstrates the main stages of the sludge pyrolysis process and main parts of 
sludge pyrolysis unit. Pyrolysis unit mainly consists of three subunits: preparing or pre-
processing unit, reactor, and condenser. Pyrolysis process starts from drying process to 
reduce the moisture content. The moisture content of input sludge fed into pyrolysis reactor 
plays important role in pyrolysis success, cost and quality of output yield (Xiong et al., 2013). 
For efficient pyrolysis, moisture tolerance of pyrolysis feedstock should be <10% wt, therefore, 
drying process is highly required as a pre-process of pyrolysis which raise up pyrolysis energy 
consumption and hence pyrolysis total cost (Oladejo et al., 2019). Three sources are mainly 
used in present pyrolysis units to provide heat energy to initiate the reaction: electricity, 
thermal sources such as gas and fossil fuel, and solar energy via solar concentrators or 
harvesters (Joardder et al., 2017; Sharuddin et al., 2016). Despite its low efficiency to provide 
a self-sustainability pyrolysis, the partial combustion of bio-oil or biogas which are the 
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pyrolysis outputs can be utilize also as a source or assisted source of heat energy in pyrolysis 
units (Rollinson & Oladejo, 2019).  
   Heat energy is applied on pyrolysis reactor to heat it to pyrolysis temperature and hence 
initiate the reaction. Reaction or thermal decomposition of sludge is complex and occurs in 
the reactor in various stages due to the sludge heterogeneous nature. First stage is 
decomposition of decomposable organic matters which occurs at ≤200 ◦C. Second stage is 
decomposition of lipids and dead organisms when temperature increased to (200◦C –300◦C). 
At temperatures ≥300◦C and ≤700 ◦C, decomposition of cellulosic constituents, organic 
polymers, and proteins takes place as third stage (Alvarez et al., 2015; Font et al., 2001). 
Typically, because of high heating rates in reactors, these three stages run simultaneously at 
temperatures <600 ◦C as a primary reaction. This reaction produces light gases, heavy tars, 
and chars. At temperatures almost 600 ◦C, secondary reactions are motivated to maximize 
the liquid product. Secondary reactions produce secondary gases and tar via further pyrolysis 
of unstable primary products. Further progress in pyrolysis reaction may polymerize some tar 
to give coke (Oladejo et al., 2019). 
 
Figure 4: Schematic Diagram of the Pyrolysis of Sludge. (Oladejo, et al., 2019) 
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   Different factors affect the yield quality and distribution (solid, liquid, and gas) which also 
complicate pyrolysis as energy recovery method. These factors have been addressed by 
numerous studies to improve bio-oil production which is the main goal of pyrolysis process. 
They depend mainly on characteristics of feedstock of pyrolysis unit, operating conditions and 
reactor type. Feedstock characteristics such as particle size and its physical nature such as 
digested, primary, wet sludge, dried, and blends as well as its chemical compositions. While 
operating conditions such as pyrolysis reaction temperature, residence time in the reactor, 
turbulence, pressure, catalyst, feed rate, power, and type and rate of fluidizing gas (Basu, 
2018; Syed-Hassan et al., 2017). Although fluidised bed reactor is mostly predominant in 
present pyrolysis units (Oladejo et al., 2019; Park, Kang & Kim, 2008), other types are also 
used such as batch and semi-batch reactors (Kim & Parker, 2008), fixed bed reactors (Chen et 
al., 2018), conical spouted bed reactor (CSBR) (Alvarez et al., 2016), microwave and 
microwave-assisted technology (Zhou et al., 2018; Ma et al., 2018; Lin et al., 2017; Huang et 
al., 2015; Xie et al., 2014), screw reactors (Morgano, et al., 2018; Gao et al., 2017) and 
continuous and semi-continuous (Pedroza et al., 2014; Pokorna et al., 2009; Fonts et al., 2008), 
horizontal furnace (Gao et al., 2014). In addition, transport phenomena, phase transitions, 
and intricate reaction chemistry are considered further complications for this technology 
(Oladejo et al., 2019). 
   Biochar has a wide range of applications depending on its energy content, nutrients content, 
and heavy metals contents such as solid fuel for direct combustion applications, agricultural 
applications, and catalyst applications due to its high adsorptive capability, respectively or as 
a value-added resource (Oladejo et al., 2019). Moreover, ash produced after direct 
combustion of biochar can be used for the construction and building applications as well as 
road surfacing products (Chen, Lock Yue, & Mujumdar, 2002). Gaseous yield of pyrolysis or 
biogas is condensed to produce bio-oil. It also can be subjected to further treatment to 
upgrade it to synthesis gas or can be burnt directly as fuel. Synthesis gas can be either 
processed for chemical synthesis or liquid fuel.  
   Liquid fuel or bio-oil is heterogeneous liquid and typically separates into up to three phases 
such as organic phases. Organic phases have a reasonable gross heating values as high as 
those of petroleum-based fuels. The heating value of bio-oil reaches to ~33 MJ/kg (Xu & Wu, 
2015; Fonts et al., 2012). In addition to the flexibility of storage and transportation, bio-oil is 
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flexible in utilization as well. It can be either refined to be used similarly as petroleum liquid 
fuels, used for electricity generation or heat as combustion fuel, or reformed by further 
reactions to produce syngas for chemicals production (Zafar, 2018). However, the moisture 
content of sludge’ bio-oil is mostly over 23% wt. This percentage is high relatively and reduces 
flame temperature and energy density and hence the fuel quality. Moreover, when sludge’ 
bio-oil used in engines, the high moisture content causes deterrent combustion properties 
(Alvarez et al., 2016; Lehto et al., 2014). Commercially, bio-oil that is generated from sludge 
is used widely for chemical production rather than fuel oil due to its high O-containing 
compounds which form around 33%. These compounds significantly limit the thermal output 
of sludge’ bio-oil and cause its intrinsic instability (Alvarez et al., 2016). Pedroza et al., (2014) 
and others found that the optimal pyrolysis temperature to maximize the liquid yield ranges 
between 450 ◦C to 550 ◦C such that higher temperatures cause thermal cracking for tar and 
hence increase the gas yield while lower temperatures wouldn’t be adequate for optimum 
breakdown of char (Shen & Zhang, 2003; Alvarez et al., 2002). Therefore, reducing the 
residence time can be adopted to prevent further reaction (Park et al., 2010; Shen & Zhang, 
2003).  On the other hand, impact of moisture in wet sludge feedstock on output oil quality, 
increasing of non-condensable gases, and operating conditions of the reactor due to vapour-
rich atmosphere challenges conventional pyrolysis technologies (Dominguez, Menéndez & Pis, 
2006). On the way to find suitable technology to overcome that, Xie et al. (2014) and others 
investigated the efficiency of using microwaves technology as a pyrolysis reactor which 
interestingly resulted in limited influence on oil production and quality regardless of catalysts 
presence (Lin et al., 2017; Jin et al., 2016; Gao et al., 2014). 
   Different factors had been examined to optimize bio-oil production such as reactor types, 
operating conditions, and sludge nature as fuel. The maximum production of bio-oil from 
sludge was 57.5 wt% as reported by Pokorna et al. (2009). He achieved that in laboratory by 
using semi-continuous reactor and conducting flash pyrolysis (very fast or very low residence 
time) at 500 ◦C. He used samples of dried activated and digested sludge with moisture content 
less than 10 wt%. This resulted in quality of output bio-oil including low water content (10.3% 
to 17%) and moderate heating value (23.9 MJ/kg to 29.0 MJ/kg) while the output char has 
(5.2 to 10.6 MJ/kg) heating value. Alvarez et al. (2016) conducted flash pyrolysis (<100 ms 
residence time) in a conical spouted bed reactor at temperatures from 450 ◦C to 600 ◦C.  He 
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achieved up to 48.5 wt% liquid product at 500◦C with quality more suitable for chemicals. In 
term of catalysts, Zhou et al. (2018) and others reported that catalysts and acid pre-treatment 
improve the quality of bio-oil and other pyrolytic products but they also have negative to 
negligible influence on the liquid yield (Xie et al., 2014; Ischia et al., 2011; Kim & Parker, 2008). 
Quantity of liquid yield is also influenced by sludge inorganic content. High inorganic 
compounds in sludge reduce bio-oil production due to presence of some metal oxides such 
as ZnO and CaO which impede decomposition of organic matters and promote secondary 
reactions (Longo et al., 2015). 
   Similarly, although low temperature pyrolysis minimize the oil production, it can be used to 
retain heavy metals in biochar which means eliminating transfer heavy metals to bio-oil and 
biogas and hence minimizing risk of potential toxic emissions. Meanwhile, decrease of 
bioavailable heavy metals results in increase of residual and oxidative fractions which lessen 
of ecological risks of biochar usage or disposal (Lee, Kim & Yoo, 2018; Jin et al., 2016).  
   To mitigate the impact of input wet sludge on pyrolysis process and output oil quality, 
microwave technology has been examined as a technology capable to cope with high 
moisture content of input wet sludge (Jin et al., 2016; Gao et al., 2014; Xie et al., 2014). Studies 
indicate that maximum heating value of bio-oil can be obtained at temperatures range from 
550◦C to 600◦C. Lin et al., 2017 used wet sludge with >84 wt% water content to feed a 900 W 
microwave reactor at 600 ◦C. After 30 min of residence time, he obtained 20% bio-oil yield to 
be the maximum liquid yield has been reported by microwave right now (Oladejo et al., 2019). 
However, it can be observed that sewage sludge pyrolysis production of bio-oil ranges from 
14 wt% to 57.5 wt% and optimal production of bio-oil can be achieved at temperature 
between 500◦C to 600 ◦C (Oladejo et al., 2019). Operating temperature influences quality of 
output bio-oil due to its influence on the bio-oil moisture content, aliphatic and aromatic 
compounds (Zhou et al., 2018; Gao et al., 2017; Xie et al., 2014). In the same concept, Zhuang 
et al. (2011) reported that operating temperature at <700 ◦C may result in minimal amounts 
of some kinds of metal such as mercury and cadmium in pyrolytic oil because of their low 
boiling points. 
   Solid yield of char and ash remains the highest among other pyrolysis products with about 
50 wt% (Gao et al., 2017). Although it is not preferable yield, pyrolysis char reduces pollutant 
emissions to atmosphere and heavy metal emissions to landfill as well as offers wide range of 
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utilization methods. However, bio-char needs to further treatment before usage regardless 
of its usage method (Chen, Chen & Hong, 2015). 
In term of energy source for heating, solar pyrolysis is a promising candidate where using solar 
concentrator was approved to be capable to raise pyrolysis reactor temperature to 500-600◦C 
which is the optimum to obtain the maximum liquid yield (Weldekidan, Strezov & Town, 2018; 
Joardder et al., 2017). 
 
4.1 Pyrolysis Types 
 
   Pyrolysis can be classified based on many factors. Heating rate is widely used to describe 
the process as slow, fast or flash pyrolysis. This in turn indicates clearly to residence time and 
distribution of pyrolysis products. According to Basu (2013), pyrolysis is classified mainly 
based on heating rate, presence of pyrolysis medium and pressure, and the lodging time of 
gases in the reaction zone (vapour residence time). 
 
4.1.1 Heating rate 
 
   This factor is calculated mathematically based on two times: required time to heat feedstock 
(theating), and required time for characteristic pyrolysis reaction (tr). By using these two 
features, pyrolysis classified into two types slow and fast. Slow pyrolysis if theating > tr and fast 
pyrolysis if theating < tr. In fast pyrolysis, the heating rate ranges from 1000 to 10000 ⁰C/second 
with taking in account that peak temperature should not exceed 650 ⁰C. Temperature higher 
than 650 ⁰C up to 1000 ⁰C produces mainly gas especially non-condensable gas such as CO, 
CO2, H2 and CH4. 
 
4.1.2 Presence of pyrolysis medium and pressure 
 
   Environment of reaction affects pyrolysis process. Pyrolysis is carried out typically in 
absence of medium and pressure. However, sometimes to produce specific products such as 
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chemicals, H2 and H2O are involved as non-oxidizing mediums in pyrolysis process. Using these 
mediums conducts two types of pyrolysis: hydrous pyrolysis in presence of water (H2O) and 
hydro-pyrolysis in presence of hydrogen (H2). Hydro-pyrolysis occurs in ambience of high 
pressure hydrogen to increase the gaseous yield and hydrocarbons with low molecule mass. 
Although the main product of hydro-pyrolysis is gas, bio-oil can be produced by reducing 
oxygen in reaction atmosphere. On the other hand, hydrous pyrolysis occurs in ambience of 
high temperature and pressured water.  
 
4.1.3 The lodging time of gases in the reaction zone (vapour residence time) 
 
   Traditional pyrolysis is used to produce liquid as a main goal. In this process pyrolysis vapour 
stays in the reaction zone for seconds or milliseconds. In case the main target is char, then 
slow pyrolysis more likely to be used. In this case, pyrolysis vapour stays in the reaction zone 
minutes or more to conduct two types: torrefaction and carbonization. Although these two 
types require very slow heating rate, the residence time of torrefaction ranges from 10 to 60 
minutes while for carbonization the residence time may extend for days. 
   In contrast, fast pyrolysis is divided mainly to flash and ultra-rapid based on the residence 
time which ranges from milliseconds up to 2 seconds. For example, the vapour in flash 
pyrolysis leaves the reactor within 30 to 1500 ms to produce bio-oil reaches to 70-75% of total 
flash pyrolysis products. Ultra-rapid pyrolysis in turn needs shorter residence time in reactor 
than flash pyrolysis to produce mainly gases. The peak temperature for ultra-rapid pyrolysis 
is 1000 0C while it is 650 0C for flash pyrolysis.  
   The following table shows the characteristics of pyrolysis types (Basu, 2013). 
 
Table 1: pyrolysis types: process conditions & major products. (Basu, 2013) 
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   Finally, various types of reactors were experimented in sludge pyrolysis. In addition to other 
parameters, recent studies utilised batch reactors (e.g., cylindrical batch reactor), fluidized 
bed reactors (e.g., conical spouted bed reactor, fixed bed tubular furnace), continuous and 
semi-continuous reactors (e.g., continuous feed rotating cylinder reactor, continuous feed 
screw reactor), horizontal furnace reactors, horizontal tubular furnace reactor, and 
microwave reactors (Park, Kang & Kim, 2008, Pokorna et al., 2009, Zhuang et al., 2011, Gao 
et al., 2014, Chen et al., 2014, Longo et al., 2015, Chen, Chen, & Hong, 2015, Jin et al., 2016, 
Lin et al., 2017, Gao et al., 2017). More details about reactors of sludge pyrolysis are discussed 
in chapter 7.3 of this study. However, there is no literature available right now about the best 
type of reactors for sludge pyrolysis. 
 
 
4.2 Pyrolysis reactor types 
 
   Different types of reactors are commonly used for fast pyrolysis of biomass to produce bio-
oil. Every reactor is used for specific type of pyrolysis (fast, intermediate, or slow) to generate 
specific kind of energy (electricity, heat, carbonaceous materials, liquid yield or gaseous 
products) based on the feedstock characteristics. Every reactor also has its own technical and 
economic advantages and disadvantages. Some of pyrolysis reactors include high mass and 
high heat transfer rates such as fluidized bed reactors, spouted reactors, and both circulating 
bed (CFB) and bubbling bed (BFB) reactors. Other reactors have been used also rotating cone 
reactors, rotary kiln reactors, cyclonic reactors as well as the ablative process reactors. Other 
reactors involve melting vessels, autoclaves, plasma reactors. For vacuum pyrolysis, particular 
arrangements are required (Meier et al. 2013). However, following is explanation for several 
types of the more commonly employed reactors for pyrolysis of biomass cited from (Malkow, 
2004; Mohan, Pittman & Steele, 2006; Elordi et al., 2007; Olazar et al., 2009; Fogler, 2010; 
Venderbosch & Prins, 2010; Bridgwater, 2012; Jahirul, et al. 2012; Abbas-Abadi, Haghighi & 
Yeganeh, 2013; Basu, 2013; Chen et al. 2014; Sharuddin, et al., 2016; Czajczynska, et al. 2017). 
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4.2.1 Batch and semi-batch reactor 
 
   This type of reactors gives high conversion by giving the reaction extended time into the 
reactor. Batch reactor is a closed system (Figure, 5) which means that while the reaction is 
being carried out, no inflow or outflow of both reactants and products. This is considered as 
one of its advantages. However, batch reactor requires high labour cost and its product is 
variable from one batch to another one. In addition, batch reactor is difficult to be used for 
large scale production (Fogler, 2010). In contrast, addition of reactants and removal of 
products during the reaction is allowed in semi-batch reactors (Sakata, Uddin & Muto, 1999). 
This flexibility in feeding over time gives continuous reaction and reaction selectivity. 
However, semi-batch is more suitable for small scale production because it has the same 
disadvantages of batch reactors. Despite these reactors are recommended because of their 
high liquid yield, they are not suitable from industrial perspective because of their low scale 
production (Abbas-Abadi, Haghighi & Yeganeh, 2013). 
 
Figure 5: Batch reactor with stirrer equipment. (Sharuddin, et al., 2016) 
 
4.2.2 Fixed and fluidized bed reactor 
 
   In this type of reactors, the catalyst is used in palletized form and packed in static bed (Figure, 
6). Irregular size and shape of feeding particles are constraints of this reactor design. Besides, 
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catalyst’ area that available for the reaction is limited, thus, it is preferable to be used as a 
secondary reactor (Fogler, 2010). 
 
Figure 6: Fixed-bed reactor. (Sharuddin, et al., 2016) 
 
    
Figure 7: schematic diagram of fluidized bed reactor. (IEA bioenergy) 
 
   Fluidized bed reactor comes as a normal development for fixed bed reactor to solve some 
of its problems. Fluidized bed reactor has been developed where the catalyst sits over a 
distributer plate (Figure, 8). The primary products are divided to gas and particles which are 
carried in a liquid state to give best mix with catalyst and hence best use of catalyst surface 
area. This type is more flexible than batch reactor because there is no need for frequent 
charging or resuming process as well (Kaminsky & Kim, 1999). Garfoth et al. (1998) asserted 
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that this reactor is preferred to be used in catalytic pyrolysis rather than fixed bed reactor 
because the catalyst is able to be reused several times without need for discharging. In 
comparison to batch reactor, fluidized bed reactor is more flexible because the frequent 
feeing and resuming process can be avoided. However, from economic perspective, fluidized 
bed reactor is considered as the most suitable reactor for pyrolysis plants and large scale 
operations (Sharuddin, et al., 2016). In addition to its good and constant performance, its 
liquid yield is typically 70-75%wt. 
   The heating rate of fluid bed reactor is usually the rate limiting step. Therefore, it requires 
small size particles of biomass less than 3mm to achieve high biomass heating rates 
(International Energy Agency (IEA) Bioenergy, 2017). 
 
Figure 8: working process of fluidized bed reactor. (Sharuddin, et al., 2016) 
 
 
4.2.3 Conical spouted bed reactor (CSBR) 
 
   This reactor is known by its ability to handle different particle sizes and densities. It is also 
able to provide good mixing process (Fogler, 2010). In opposite, CSBR relatively has low bed 
segregation and lower attrition than bubbling fluidized bed (Olazar et al., 2009). Moreover, it 
has high rate of heat transfer between phases and it has also minor defluidization during 
sticky solids handling. All of these disadvantages besides its complicated design make it 
unfavourable reactor because it requires several pumps in the system and hence high capital 
and operational cost (Figure, 9) (Elordi et al., 2007). 
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Figure 9: Conical Spouted Bed Reactor (CSBR). (Sharuddin, et al., 2016) 
 
 
4.2.4 Auger reactor (screw reactor) 
 
    Auger reactor is versatile and can be used to transform a wide range of feedstock. It is 
attractive technologies because of its relatively simple design (a screw into a tube to convey 
feedstock with/out solid heat carriers down along of a tube (Figure 10) with better strengths 
for all types of pyrolysis specifically fast pyrolysis. It is able to overcome some of conveying 
heat problems for pyrolyzing biomass and solid wastes. Its design enhances heat transfer and 
particle mixing which are key factors to achieve successful pyrolysis with high liquid yield. 
Therefore, it is used at industrial scale in several plants able to process up to 700 kg/h 
(Campuzano, Brown & Martínez, 2019). However, although ablative and rotating cone 
reactors are more compact and relatively consume small amounts of inert gases, 
commercially, auger reactor has more market attractiveness in comparison to other reactors 
according to The Biomass Pyrolysis Network (PyNe) (Figure 11).  
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Figure 11: attractiveness & strength of auger reactor in comparison to some other pyrolysis technologies. (Van de Velden et al. 2010) 
 
   As observed in figure (10), the typical auger reactor consists of an enclosed shell with a 
helical screw rotating inside it (Rackl & Günthner, 2016). The screw rotates to convey the feed 
materials into the shell (reaction vessel) and to evacuate the biochar (residual solid fraction).    
The rotating movement of screw exposes the feedstock particles to a higher uniformity of 
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heating in the length of time and hence, enhances particle mixing as well as the heat transfer 
among the reactants (Nachenius et al. 2015). Despite a single-screw auger reactor is 
commonly used, auger reactor may have twin screws to enhance its overall performance 
(mixing, heat transfer, lower blogging, faster reaction, and higher liquid yield) (Brown, 2009; 
Brown & Brown, 2012; Sirijanusorn, Sriprateep & Pattiya, 2013; Brassard, Godbout & 
Raghavan, 2017; Garcia-Nunez et al. 2017).  
   When wall of the shell is subjected to heat, the shell of auger pyrolyzer works itself as a 
reactor and the screw as conveyer.  The heat energy provided to the wall in a reactor of single-
auger should be sufficient to raise up its wall temperature above the desired temperature of 
pyrolysis. When feed materials fed into the shell, the endless screw convoys it to another side 
by rotation providing good mixing and good contact between feedstock particles and the 
heated wall. The residence time is controlled by means of screw speed and the inert gas 
flowrate respectively. However, feed materials are totally volatilized at the end of the reactor 
(Aramideh et al. 2015). 
   Auger reactor are favourable because of many advantages. These advantages include its 
ability to use different kinds of heat carriers and catalysts, its excellent ability to control 
catalyst-feedstock ratio, mass flow rate and residence time, its low solid yield with simple 
separation process of solid fraction (falling down by gravity), and its gaseous yield is less 
diluted (good for further utilization). It is also versatile and fixable to be installed horizontally 
or vertically. Some arrangements, employ inclined installation which offers a steadier and 
smoother flow (Campuzano, Brown & Martínez, 2019). Auger reactor requires also limited 
infrastructure which make it suitable for different mobile applications and locations. It can be 
transported to the waste generation place to reduce the operation costs. In addition to the 
simplicity in term of its design, operation, and maintenance, it has low energy demand 
because of its low specific size. The screw conveyer makes it suitable as pyrolysis reactor for 
feed materials of different typology or particle sizes with no sensitivity to hydrodynamic bed 
conditions. Auger reactor is more favourable in term of reducing pollution because it prevents 
low density particles from leaving it before the complete conversion and consume low 
amount of inert gas. Finally, its capital and operational cost is relatively low (Brassard, 
Godbout & Raghavan, 2017). 
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   In opposite, auger reactor may cause secondary reactions due to long residence time of 
vapours. Using such kind of reactors (that have parts moving at high temperatures) may result 
in risk of plugging and mechanical tears and wear. Despite its high mixing performance, the 
mixing effectiveness might be reduced due to flow-induced segregation phenomena under 
specific operating conditions (Brassard, Godbout & Raghavan, 2017). 
  
 
Figure 12: schematic diagram of a single-auger reactor. (Campuzano, Brown & Martínez, 2019) 
 
    
   Although auger is designed as a conveyer not a mixer, there are some practices should be 
taken in consideration in auger reactor design such as the inside and outside diameter of the 
shaft (screw), the length of screw, the pitch size which is the distance between nigh or 
adjacent flights, and the clearance (Figure 13). 
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Figure 13: dimensional characteristics of auger. (Campuzano, Brown & Martínez, 2019) 
 
   Auger reactor design rely on empirical correlated obtained data (Owen & Cleary, 2010). 
Therefore, designer of auger reactor should consider many operating parameters such as the 
feedstock flow rate which in turn depends on the load factor, the rotational speed, the 
geometry of the screw, geometry of the tube and the feed hopper, inclination, and feedstock 
flow ability (Bortolamasi & Fottner, 2001). However, the most important factors in auger 
reactor design are the pitch-diameter ratio, the load factor, the characteristics of auger 
flighting, the mixing process, modelling the granular flow to visualize their movement in auger 
reactors, and scaling up the design considerations to understand the various phases of the 
process which probably change at different scales (laboratory, mathematical modelling, and 
actual design at pilot scale and industrial plant (Funke et al. 2017; Marmur & Heindel, 2016; 
Bridgwater, 2012; Kingston, 2013; Marmur, 2015; Morgano et al. 2015; Bortolamasi & Fottner, 
2001; Kapoor, Mekala & Bose, 2016). 
 




   Catalytic degradation is involved to obtain great commercial products such as diesel, 
gasoline and C2–C4 olefins which are highly demanded in automotive and petrochemical 
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industry (Elordi et al., 2009). However, Catalysts are used in pyrolysis to lower down the 
activation energy of the reaction and then optimum temperature required and hence speed 
up the chemical reaction, besides, optimizing the product distribution and increasing the 
product selectivity. Interestingly, catalysts are used also to obtain liquid with similar 
properties to gasoline and diesel via pyrolysis process (Basu, 2013).   
   However, there are many types of catalysts which are classified mainly into two groups: 
heterogeneous which involves more than one phase, and homogeneous which involves only 
one phase. Homogeneous catalyst such as AlCl3 (Stelmachowski, 2010). Due to the easy 
separation process of the mixture (fluid product from the solid catalyst), the heterogeneous 
is the most common catalyst type and most preferable catalyst economically. However, 
heterogeneous catalyst can be classified as nano-crystalline zeolites (such as HZSM-5, Hb, 
HMOR and HUSY), mesostructured catalyst, conventional acid solid, basic oxides and metal 
supported on carbon (Aguado, Serrano & Escola, 2008). Besides, there is non-zeolites 
catalysts which includes many types such as silica–alumina, silicalite, and MCM-41 (Aguado, 
Serrano & Escola, 2008).  
   As conclusions, formulating optimal catalysts for pyrolysis system is important. For example, 
the impact of metal oxide catalysts on pyrolysis varies based on the type of catalyst. CaO, TiO2, 
and Al2O3 help to reduce the production of solid residues by promoting the degradation of 
organic matters in the sludge. On the other hand, Fe2O3 and ZnO help to produce more solid 
residues because they likely prevent the decomposition of organic matters in demineralized 
sludge (Chen et al. 2012). In term of their impact on pyrolysis time, Fe2O3, CaO and ZnO 
probably prolong it, while TiO2 and Al2O3 may decrease it (Shao et al. 2010). 
 
4.3.2 Type and rate of fluidizing gas 
 
   Fluidizing gas or carrier gas is an inert gas engages only in transportation of vaporized 
products but does not take part in the pyrolysis reaction itself. Despite the commonly used 
fluidizing gas for pyrolysis is N2 (specifically for auger reactors) (Campuzano, Brown & 
Martínez, 2019), it can be any inert gas such as hydrogen, argon, helium, ethylene and 
propylene which have different reactivity features depending on its molecular weight. The 
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lighter gas produces high amount of liquid oil (Abbas-Abadi, Haghighi & Yeganeh, 2013). 
Carrier gas plays an important role in enhancing the desired product yield in pyrolysis. 
Moreover, it influences the coke formation. For example, ethylene produces liquid yield more 
than nitrogen and lower coke formation because of its reactivity. Nevertheless, although 
helium is the second high liquid yield fluidizing gas after hydrogen, using nitrogen is easier, 
cheaper and safer (Basu, 2013). 
   Furthermore, fluidizing gas flow rate may affect the distribution of final product as well. 
Lowest fluidizing gas flow rate leads to drop the rate of degradation and high residue yield. 
Whilst, the large volume of inert carrier gases (highest fluidizing flow rate) maximizes the 
pyrolysis yield of diluted pyrolytic gases, namely gasoline and hydrocarbon (Abbas-Abadi, 
Haghighi & Yeganeh, 2013). These diluted pyrolytic gases makes bio-oil recovery very difficult 
(Garcia-Nunez et al. 2017). 
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5. Solar pyrolysis 
 
   Using fossil fuels excessively for energy production and managing its gas emissions 
especially greenhouse gases may be the most complicated challenges of today. Although 
fossil fuels are dominant energy source, there is prediction of vanishing fossil fuels in coming 
decades due to excessive usage and its non-renewable resources which raise high concerns 
about the environmental and sustainable problems. Unless other renewable and eco-friendly 
energy sources are put in place as alternatives for fossil fuel, these problems will continue. 
Sludge is considered a sustainable energy source. Thermochemical conversion technologies 
such as pyrolysis and gasification are introduced as processes of converting sludge to higher 
value oil. Fossil fuel either directly or via electricity generation, still a predominant source in 
heat energy production which is required in these processes to treat sludge.  Such kinds of 
non-renewable energy sources greatly reduce the process efficiency economically and 
environmentally. Combustion of fossil fuels decreases the economic benefit of the pyrolysis 
process by about 35% (Weldekidan, Strezov & Town, 2018) which threatens the sustainability 
of biofuel production. Solar energy is nominated as a promising alternative to generate heat 
in thermochemical processes. This will significantly improve the process performance and 
overall sustainability. 
   High living standards with rapid growth of global population have resulted in a significant 
increase in energy consumption over the last century (Chen, Peng & Bi, 2015). Total energy 
consumption by 2040 is predicted to increase by about half of current use (Cronshaw, 2015) 
due to the increase in the world population which is estimated to reach 9.3 billion by 2050 
(Morales et al., 2014). Although expectations say that fossil fuel will still remain the main 
source of energy by over quarter of the global energy demands (Cronshaw, 2015), its usage 
will decrease sharply due to its significant depletion after 70 years (Metzger & Hüttermann, 
2009). Thus, the existing energy supply may not be sustained for coming few decades 
(Rahman et al., 2014). In addition, environmental impacts of fossil fuels and the over-
exploitation of forests and natural resources are considered one of main reasons behind 
climate changes (Morales et al., 2014).  
   The percentage of main component and typical combustible elements of sludge such as 
hydrogen, carbon, and sulphur and their thermochemical degradation as well as their 
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thermochemical products show comparable characteristics up to closely analogy to those of 
lignite (Flaga, 2007) and biomass species (Barneto et al., 2009; Thipkhunthod et al., 2007). 
According to Hertwich & Zhang (2009), solar pyrolysis of biomass can produce over 60 wt% 
liquid bio-oil. Therefore, sludge can be introduced as an alternative source of energy. 
Utilization of sludge is seen as one of the most beneficial as well as promising ubiquitous 
energy sources due to its valuable products and its impacts to reduce greenhouse gas 
emissions. Adoption of such kind of sustainable energy sources might mitigate economic, 
social and environmental problems faced by urban life (Khan et al., 2009).  
   Despite existing processes offer economic benefits through their high value products, they 
are highly endothermic and require large heat input which is mostly provided from non-
renewable sources of energy (Morales et al., 2014). Numerous studies asserted that solar 
energy can be utilized as a sustainable source of energy. Solar energy can be converted 
directly to heat energy or can be stored in fuels or chemicals (solar fuel) to ease transportation 
and storage (Weldekidan, Strezov & Town, 2018). Utilization of solar energy to convert sludge 
through thermochemical processes such as solar pyrolysis may significantly improve the 
performance of biofuel life cycle. These days, pyrolysis process are run using solar energy as 
a source of required heat energy which is known as solar pyrolysis. In solar pyrolysis, solar 
energy have been concentrated to extract biofuel via solar reactors from different types of 
feedstock such as biomass (Zeng et al., 2017), plastic (Caballero et al., 2016; Shakya, 2007), 
and scraped tires (Rahman & Aziz, 2018; Zeaiter et al., 2018; Zeaiter et al., 2015), and sewage 
sludge (Zadik & Israel, 2011). It is important to mention that solar pyrolysis of sewage sludge 
has investigated only in a very few number of literatures that can be counted on one hand. 
Thus, more studies need to be done to examine its feasibility and sustainability as well as its 
efficiency from commercial perspective.  
   This research will study solar pyrolysis with more focus on solar dewatering of both raw and 
digested sludge as preparing process for pyrolysis via solar dryer. Novel design has been 
employed to produce sludge flux. This design can dry sludge quickly and easily. 
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5.1  Energy supply from the sun 
 
    Sun is a massive source of energy. Annually, earth's surface receives more than 885 million 
terawatt hours of solar energy which is according to the International Energy Agency (IEA) 
Current Policies Scenario 4200 times of mankind need in 2035. According to Smil (2006), the 
earth – includes land masses, oceans, and atmosphere- absorbs approximately 1070.3 million 
TWh which means that the earth receives in one hour more energy than the total world use 
of the whole year of 2002 (Lewis & Nocera, 2006; Morton, 2006). Interestingly, the problem 
of energy supply will totally disappear if one-tenth of 0.01 of solar energy has been collected 
because three hours are enough for the earth to collect energy from the sun more than total 
world demand for one year (Philibert, 2011). Comparing to the energy that can be obtained 
from all available non-renewable resources of energy on the earth, the solar energy reaching 
the earth surface in one year is about the double (Global Climate and Energy Project (GCEP), 
2018). Generally, the average insolation of the earth is about 7.0 kWh/m² or 300 watts/m² 
per day. 
   However, employment of solar energy as a source of heat energy in pyrolysis is promising. 
The liquid yield of fast solar pyrolysis of biomass is able to recovery about 65–77% of solar 
energy which can be enhanced by increasing the liquid yield by 1.5–3 if supplementary energy 
that is recovered from solar radiation is put in place (Agrawal & Singh, 2010). In this regard, 
solar concentrators are also used to harvest sunrays and hence considerably improve these 
numbers. 
   Using solar energy is might be challenging. The potential usable solar energy that can be 
acquire by humans depends on the density of solar flux reach the earth surface. This differs 
based on many factors such as time variation, seasonal variation or cloud cover, and 
geography. One of main challenges is unavailability of sunrays at night. Variation of sunrays 
intensity during daytime and seasons as well as the cost of solar systems affect negatively 
using solar technology widely. Using solar energy storage system might be important in solar 
pyrolysis units for continuous availability of energy. This will increase the productivity and 
hence the efficiency of the unit. Although there is a current trend to invest the sun as a 
sustainable source of energy in Sun Belt countries, the high cost of solar systems reduces 
spreading this technology in these countries which are generally developing countries (Figure 
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14). Targeting these countries, specifically Middle East countries will be promising. Solar 
pyrolysis can be described as a project harnesses the plenty of solar energy in Middle East 
countries such as Jordan to dispose solid wastes. Sludge as a part of solid waste issue in Jordan 
is the scope of this paper. 
 
Figure 14: global prevalence of harnessing the solar energy. (Bielinskas, 2012) 
 
   Solar pyrolysis unit of sludge consists of three main parts: solar dryer, solar concentrator 
and solar reactor. Solar energy concentrating part in present technologies consists of glass 
mirror or polished aluminium as a reflecting surface whereas borosilicate glasses or quartz 
and metals are used to make solar pyrolysis reactors. Other parts such as sensors, controllers, 
tracking units, and condenser are almost similar to those of conventional pyrolysis 
(Weldekidan, Strezov & Town, 2017). However, pyrolysis unit of sewage sludge that is entirely 
run by solar energy will need a drying unit as a pre-processing unit of sludge. Although 
 
5.1.1 Targeted countries by solar pyrolysis 
 
   The geometry of the earth and the sun affects the amount of solar radiation received at the 
earth surface. The elliptical orbit that the earth follows during its revolution around the sun 
and the inclined axis of rotation cause variations in the amount of daily insolation at latitudes 
of the earth as well as large seasonal variations (Bhatia, 2014), (Figure 15). Therefore, solar 
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energy is affected by geography. The countries that are closer to the equator receives higher 
amount of solar radiation and known by Sunbelt countries (Figure 16). Despite photovoltaics 
are used effectively to track the sun position in countries that are farther from the equator 
(Goldemberg, 2000), targeting those countries that receive high solar radiation seems more 
efficient. Sunbelt countries are located where sunlight is shining on a perfect receiving angle 
for long term per year. Sunbelt countries include Middle East countries particularly Jordan. 
This paper will focus on the feasibility of employing solar energy in sludge pyrolysis in Jordan 
and Middle East countries surrounding Jordan. 
 
Figure 15: annual global irradiation for 2012 & 2013 respectively. (El Mghouchi et al., 2014) 
 
 
Figure 16: Sunbelt countries. (Sănduleac, 2019) 
 
5.1.2 Solar Intensity in Jordan and Middle East (Gulf countries, Iraq, Syria and Egypt) 
 
   Middle East countries and North Africa are located in what so called “the Sun Belt”; the fact 
that makes them one of the highest countries of receiving solar radiation (Jaffer, 2011), 
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(Figure 17). Jordan is located in the middle of Middle East countries surrounded by Saudi 
Arabia, Syria, Iraq and Palestine. Lebanon and Egypt do not have shared border with Jordan 
but they are very close to it. Jordan, specifically the southern region, is located in the middle 
of the highest annual average irradiation intensity of this area (Figure 18). Following is 
illustration of the amount of solar irradiation for the countries around Jordan and the current 
situation of insolation energy in those countries. 
 
Figure 17: Annual summation of Horizontal Solar Irradiation for Sunbelt countries in Middle East and North-Africa. (Global Solar Atlas) 
 
Figure 18: Jordan as one of highest receiving areas for solar irradiation in Middle East. (Global Solar Atlas) 
Sohaib Hasan 1279857                                                                                                                                58 
Insolation power of Middle-East 
 
   The global solar map shows that the maximum value of normal irradiation in Middle East is 
around 3200kwh/m2/annum. This value can be obtained in the northern region of Saudi 
Arabia and the southern region of Jordan, Palestine, and Siena-Egypt. Whilst east of Iraq and 
south of Egypt receive the minimum solar irradiation in the area with average of 
1500kWH/m2/ annum. The maximum global horizontal irradiation is received in west of Egypt, 
south of Saudi Arabia and in Yemen with average value over than 2400 kwh/m2/annum. The 
area of north of Iraq and Syria receives the lowest global horizontal irradiation in the region 
with average value between 1900 and 1800 kwh/m2/annum. Remarkably, Jordan receives 
almost the highest amount of direct and horizontal irradiation (Figure 19). 
 
Figure 19: Middle-East insolation map, the direct normal radiation & the global horizontal irradiation respectively. (Global Solar Atlas) 
   Despite the shortage in studies that represent the total sunny days in this wide area as one 
region, the individual reports for every country separately demonstrate that the total sunny 
days in this area is often more than 280 days a year. Some regions such as Ma’an in south of 
Jordan has more than 326 sunny days a year (Alrwashdeh, 2018). The temperature of Middle 
East divers based on the location and its altitude above the sea level. Due to the location of 
ME in the north of equator, the temperature in some regions such as east of Saudi Arabia, 
south east of Jordan, mid and south of Iraq, west of Egypt and in Sudan touches 50 oC in June 
and July. However, the average temperature over the year is 35oC which makes this area very 
suitable for all solar applications (Jaffer, 2011). Currently, solar applications in Middle East 
include solar thermal systems that are widely used to heat water in commercial and 
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residential properties as well as industry. There are also huge projects in the area that apply 
solar energy for Water Desalination such as those in Bahrain (Abdelrassoul, 1998). 
Photovoltaic systems are widely used in some none-petroleum countries such as Jordan that 
relies on the solar plants to reduce the total demand on the grid. However, photovoltaic 
systems are promising in the region and have a great potential (Jaffer, 2011).  
 
Insolation power in Syria 
 
   Studies show that Syria has a great potential with solar applications specifically the southern 
region. As shown in (Figure, 1117), Syria has in average 1800 kWH/m2/annum (5kWh/m2/day) 
of horizontal solar irradiation. The total sunny days in Syria varies from 282 to 326 days (2820 
to 3270 sunny hours) (Ramadan and Elistratov, 2019). Figure (20) below illustrates the annual 
GHI and annual NDI for Syria. 
 
Figure 20: Insolation Power map of Syria governorate. (Global Solar Atlas, no date) 
   However, Syria investments in solar energy is still very low comparing with others countries 
in the ME. Most utilization of solar energy are private and made by locals. They generally use 
solar energy for water heating purposes by using the top roof solar water heating systems. 
Flat cells are the common solar collector in Syria. A current study shows that over than 300k 
dwelling have such systems that produce about 15.9MW annually. The same systems are also 
used commercially and in industry in many locations. The Solar photovoltaic systems (PV) are 
also used at a limited level. The major three PV projects in Syria have 5kW, 10kW, and 150 
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kW power generation capacity and they are located in the eastern desert specifically. There 
is also a limited utilisation for PV by locals in the rural areas (Ramadan and Elistratov, 2019). 
 
Insolation power in Saudi Arabia (KSA) 
 
   The available data about the solar intensity in KSA shows that DNI of Saudi Arabia ranges 
between 1626 kWH/m2/annum and 2922 kWH/m2/annum. The lowest DNI is recorded in the 
eastern province of the country whilst the highest DNI is recorded in Tabok province in the 
northern region of Saudi Arabia. The lowest GHI average is 2118 kWH/m2/annum while the 
highest GHI annual average is (>= 2410 kWH/m2) in the southern provinces of Saudi Arabia 
(Nejran, Bishah and Khamis Moshaite) (Almasoud and Gandayh, 2015), (Zell et al., 2015) and 
(Mas’ud et al., 2018). 
   Saudi is blessed with plenty of solar energy. Most of areas of Saudi Arabia have 365 sunny 
days annually. However, feasibility of solar applications in KSA is challenged by two main 
issues; the high temperature (the average between 35oC-40oC) (Zell et al., 2015) and the 
moving sand and dust (Almasoud and Gandayh, 2015). The high temperature decreases the 
output efficiency of solar systems such as PV for less than the half of the original efficiency 
and the moving sand makes planting solar arrays almost impossible in more than third of 
Saudi Arabia area. The best 10 cities in KSA for PV power plants as a solar energy investment 
have been determined by (Rehman, 1998). According to him, these cities are Nejran, Sulayyll, 
Alnumas, Helfa, Bishah, Derab, Shaqra, Madina Monawarah, Hanakiya and Uqlat Al-soqur. 
Figure (21) below illustrates the annual average of the both DNI and GHI of Saudi Arabia. 
 
Figure 21: map of insolation power distribution (DNI & GHI, resp.) in KSA. (Global Solar Atlas) 
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   Although Saudi Arabia is the first country in ME invested in Solar Energy research by creating 
a research solar village in Madina Monauarah in the mid of 80’s of the past century, the actual 
commercial investment started in the beginning of the current century. Among other 
countries in Arab Gulf Cooperation Council (GCC), Saudi was leading the investment in PV 
until the late of 2011. Currently, KSA has retreated to the 3rd place after UAE and Kuwait. 
However, many transformation PV projects are lunched with starting of 2030 vision to 
decrease the dependency on the fossil fuel in KSA. Present projects produce together about 
50MW. The 2030 vision aims to generate 41GW of electrical power by 2032 AD (Mas’ud et al., 
2018).  Following are some solar projects in KSA and their production capacity (Figure, 22 & 
table 2). 
 
Figure 22: Solar PV projects in KSA: (a) King Abdullah Petroleum Studies and Research Center Solar Park; (b) Saudi Aramco solar car 
park, and (c) King Abdullah University of Science and Technology Solar Park. (Mas’ud et al., 2018) 
 
Table 2: location, generating capacity, and type of used equipment for selected solar projects in KSA. (Mas’ud et al., 2018) 
 
   Generally, all presented projects are standalone projects and they are not connected to the 
national grid. At the individual level, the usage of solar energy applications still in its beginning 
though the awareness of importance of solar energy among locals has increased dramatically 
since 2015 (Mas’ud et al., 2018). 
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Insolation power in Palestine (Israel)  
 
   Similar to other neighbours country located in the Sunbelt, Palestine (Israel) has GHI varies 
between 2400 kwh/m2/annum in the southern region (Naqab) and 1750 kwh/m2/annum in 
the northern region (Jaliel), (Figure, 23). The daily average in Red Sea area is 6.18kwh/m2. 
The number of sunny days in the southern region is more than 300 days/year.  
   Israel government is the biggest investor in solar energy in the ME with several mega 
projects. Ketura Sun (4.95MW generation Capacity) is the first mega project for PV systems.  
   Solar heaters of water provide almost 77% of dwelling with hot water in Israel regions. Hot 
water from solar systems are widely used in industry, agriculture as well as households there.  
   Solar thermal energy has a huge investment. “Ashalim power station in Naqab has the tallest 
solar tower; 250m. This project is expected to generate 310 MW of power” (Abu Hamed and 
Bressler, 2019). 
 
Figure 23: GHI and NDI distribution in Palestine (Israel). (Global Solar Atlas) 
   
 
Insolation power in Egypt 
 
   Egypt also located in the Sunbelt. Its average GHI varies between 2000kWH/m2/annum in 
the northern regions; Delta and Meditation Sea coast and 2400 kWH/m2/annum in the south-
western desert (Hemeda, Aboukarima and El-Bakhshawan, 2015), (Figure, 24). As all other 
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ME countries, Egypt is blessed with more than 320 sunny days annually in average. This fact, 
in addition, the geographical nature of Egypt and the high energy bill encourage Egypt to 
invest in solar energy. The current vision in Egypt which has been lunched two years ago is to 
create the world largest PV power plant. This solar plant is expected to generate (1.6 to 2) 
GW of electricity (20% of the total required energy in Egypt). The power plant is set into 
construction in the early 2018 and it was expected to start working in the mid of 2019 
(Tawfeek, 2018). However, no updated information is available. 
 
Figure 24: GHI and NDI distribution over Egypt.  (Global Solar Atlas) 
 
Insolation power in Lebanon 
 
   GHI in Lebanon is less than other neighbour’s country although it has in average over than 
300 sunny days (Moore and Collins, 2020) annually. GHI varies between 1600 kwh/m2 
annually in the western cost to 2100 kwh/m2 annually in the eastern border region between 
Lebanon Mountains and Syria (Figure, 25).  Similar to other ME countries, Lebanon utilizes 
solar energy in two main ways; solar water heater, and solar PV systems. Lebanon aims to 
reach a solar water heater on each roof top of its building by the end of 2020. Lebanon also 
generates 26% of its total power demand by using PV systems. However, many projects have 
been lunched in 2018 to increase the production capacity up to 450MW (Ayoub et al., 2013; 
Lebanon Ministry of Energy and Water report, 2018). 
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Figure 25: GHI and NDI distribution over Lebanon. (Global Solar Atlas) 
 
  
Insolation power in Iraq 
 
   Iraq has a wide area extended over different climate regions. However, it is one of the 
Sunbelt countries like other ME countries. It has annually average solar irradiation GHI of 
2000kWH/m2 (Abed, Al-douri and Al-shahery, 2014). However, the lowest GHI is in the 
northern mountain near the Turkish boarders (1600kWH/m2) and the highest irradiation is 
located near the Jordanian boarders (2200kWH/m2) in the western desert of the country 
(Ahmad, Al-Hamadani and Ibrahim, 1983), (Figure, 26). Moreover, the southern, middle, 
western and eastern regions of Iraq have over than 300 sunny days annually (Ahmad, Al-
Hamadani and Ibrahim, 1983). However, the best location to be used for PV investment and 
solar power plants is considered to be “the western boarded quadrangle as from Sinjar, Sur, 
Wadi Al-Myah, Rutba, Wadi Horan, Wadi Tibil, Al-Thurthar, Al-Breet, Al-Ma’aniya, Al-Salman, 
Ansab and Al-Rukhaimiya” (Abed, Al-douri and Al-shahery, 2014). These locations are 
considered to be the best location after long analysis of hazardous criteria and other factors 
such as dust, rain and water floods.  
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   Unfortunately, there is no available information about the current situation of investment 
in solar energy in Iraq. 
 
Figure 26: GHI and NDI distribution over Iraq. (Global Solar Atlas) 
 
 
Solar Intensity in Jordan  
  
   Jordan, similar to most Middle East countries, has a high level of solar irradiation; DNI and 
GHI. Jordan is located at (32.05_N and 36.06_E). It has more than 300 sunny days in average 
(Alrwashdeh, 2018) and moderate temperature. Temperature average in Jordan varies 
between 20 oC and 30 oC (Etier, Al and Ababne, 2010) which makes it one of the best places 
to invest in solar energy applications such as solar pyrolysis. Furthermore, the efficiency of 
solar projects in Jordan is expected to be one of the best Middle East due to the clarity and 
good receiving angle. Jordan annually GHI varies between 1900 to 2300 kwh/m2 and the GHI 
average in Jordan is 2150 kwh/m2. Whilst, NDI of Jordan varies between 2045 to 2922 
kwH/m2 with average of 2600 kwh/m2, (Figure, 27). 
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Figure 27: Jordan insolation map, lift is the direct normal radiation, right is the global horizantal irradiation. (Global Solar Atlas) 
 
   According to Global Solar Atlas, Jordan is divided into 5 different regions based on the 
average daily insulation irradiation in each region, (Figure, 28). Ma’an and Aqaba (the 
southern region) have the highest GHI with daily average of 6.7 kwh/m2. Amman governorate, 
Madaba, Tafilah and Karak (the middle region) have a daily average of GHI 5.5 kwh/m2. Badia, 
AzZarqa and Al Mafraq (Eastern region) have a daily average of GHI about 6 kwh/m2. The 
daily average of GHI in northern region (represents cities such as Irbid, Ajlon, Jerash and Salt) 
is 5 kwh/m2. The western region (represent the Jordan Valley area) has a daily average of GHI 
4.5 kwh/m2 (Alrwashdeh et al., 2018). 
 
Figure 28: the map of average daily GHI (W/m2) of Jordan. (Alrwashdeh et al., 2018) 
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   Although southern region has the highest both DNI and GHI level, the mid and eastern 
regions are considered the best places for PV applications. The high efficiency of solar 
applications in the middle and east of Jordan results from different facts: 
1.  Their temperature in average is lower than southern region. This temperature is close to 
the optimum operating temperature of the PV cells. Meaning, higher operating efficiency.  
2.  Less moving sand due to the stony nature of that area. 
3.  The middle region is the highest annual daily average diffused irradiation.  
4.  Although the number of sunny days in the middle region (>= 300) less than the sunny days 
in the southern region (>=335), the eastern region has the same number of sunny days.   
5.  Eastern and mid regions have more flat areas where PV systems can be installed easily.  
   The monthly average daily GHI (ADGHI) in each city of Jordan is shown in (table 3). It 
illustrates that the highest average of GHI (7610wh/m2/day) can be measured in June in 
Amman then in Zarqa and Jerash (7580 wh/m2/day). The lowest GHI in Jordan happens in 
January in all cities, especially in Ajloun where it reaches (3710 wh/m2/day). It is worthy to 
note that while all cities of Jordan have five months (May, June, July, August, and September) 
where the ADGHI exceeds 7000 wh/m2/day, Ajloun city hardly reaches only four months. 
However, Aqaba and Ma’an exceed the level of 7000 wh/m2/day in seven months of the 
entire year. The lowest ADGHI in all cities except Ajloun is above 4 kwh/m2/day and above 5 
kwh/m2/day in both Ma’an and Aqaba (Alrwashdeh, 2018). 
   All available figures and data prove that Jordan has an excellent potential for solar energy 
usage as well as solar applications especially PV systems and hence solar pyrolysis. 
Fortunately, both the government and citizens of Jordan have relied this from early in the last 
century. Recently, the solar applications have been involved in commercial and industrial 
applications widely. The optimal PV cell orientation degree (inclination angle) has calculated 
for fixed PV systems to be 30oC, especially at Hashemite University area in Zarqa (30 KM to 
north east of Amman) (Alrwashdeh, 2018). Many research are conducted there to apply solar 
tracking system although still not used commercially there. Figure (1128) shows the potential 
of PV in kwh/kwp annually. It can be noted from figures that Jordan solar potential, in average, 
is one of the highest in Middle East countries. 
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Table 3:  Solar Irradiation on the Optimally Inclined Plane of Jordan Governorates in Kwh/M2/Day.  (Alrwashdeh et al., 2018) 
 
 
Figure 29: PV potential in Jordan by kwh/kwp. (Alrwashdeh et al., 2018) 
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   The investment in solar energy in Jordan has three shapes (Hrayshat, 2007):  
1- Solar water heating  
2- Solar thermal power station  
3- Photovoltaic  
   Solar applications for water heating are widely used in Jordan, almost for all purposes; 
commercially, residentially, and in industry. Research were made in 1995 show that over 25% 
of houses are using solar thermal water heaters. There is an estimation that about 8% of today 
Jordan population are using solar heating systems in their houses. The current total number 
of solar heating systems running in Jordan indicates that about a million family are using solar 
water heaters in their houses.  
   An early project utilizing solar energy commercially in Jordan was in Jordan Valley. This 
project was to evaporate Dead Sea water to produce Potash and other salts. The energy 
production (energy saving) of this project is calculated to be 46.5 TWH/year (Hrayshat, 2007).   
   Photovoltaic applications in Jordan could be divided into two category (Abu Hamed and 
Bressler, 2019); small projects and huge projects. Small projects implemented on top of 
dwelling roofs and small building such as warship houses (Mosques), banks and universities. 
Large scale projects include large scale power plants that produce energy in MW. The increase 
in the awareness of solar energy benefits in terms of economy and environment has led to 
invest more in Solar and Clean Energy. Fortunately, the law of renewable energy in 2012 and 
its amendment in 2014 have encouraged the both; private and public sectors to increase their 
investment in this field. This opens the door for 2030 vision which aims to increase the 
dependency on all RE including Solar Power by 10%  by the end of 2020 (Abu Hamed and 
Bressler, 2019).  
   As a reflection of this law, many householders have adopted PV systems to their own 
dwelling. They use both on-grid system and off-grid system to run their houses. However, the 
on-grid system is much popular in Jordan.  
   In 2014, many ministries have started to adopt PV systems in its own projects. Noticeable 
projects have been made by the Ministry of Water and Irrigation (MWI) to achieve 15% power 
saving by the end of 2020. Ministry of Endowments, Islamic Affairs and Holy Places (Awqaf) 
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advised in 2015 that the power of 600000 Mosques in all the country will be transferred into 
solar energy. However, major projects of solar energy in Jordan are summarized in Table (4) 
which shows some projects with their power generation capacity. 
 Project Info location Power 
Capacity 
Status  
1 12 Photovoltaic Project 
direct-offers and 
Multiple Generation  
 200MW Achieved by 2016 




10MW By 2019 round one was achieved 
3 Complete PV Solar 
Power plant  
Azraq 5MW In operation since April 2015 





200MW 4 MOUs were signed for operation 
in 2017e2018 
5 Qweira  PV project Aqaba 103MW Contract signed and 
implementation began in 
December 2015 with operation 
expected in 2017 
6 Solar Plant to produce 
electricity for Za'tri 
refugee camp 
Mafraq  Contract signed August 2016; 
implementation scheduled for 
2017 
7 Solar power plan Muwaqqar  Achieving financial close; due for 
completion by 2018 
Table 4: illustration of some solar energy projects in Jordan. (Abu Hamed and Bressler, 2019) 
 
 
5.2  Technologies of harvesting solar energy. 
 
   Distribution of solar rays on a particular area is symmetric and uniform. Solar concentrators 
are used to harvest biggest amount of solar rays in this area by using large surfaces. These 
surfaces focus the solar rays that fallen over them onto a small surface. This concentrated 
energy can be either utilized directly to generate electricity, power, and heat energy or can 
be stored in tanks of molten salts for 24 hour heat production like those in Gemasolar plant 
in Spain (Candelaria, 2013).  
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   Mirrors and Fresnel lenses are common methods for concentrating solar energy. However, 
several types of concentrating technologies can be used to capture the solar energy for solar 
pyrolysis application such as flat plates, heliostat fields, parabolic dishes, linear Fresnel 
reflectors, compound parabolic concentrators (Kraemer et al., 2011), parabolic troughs (Hotz 
et al., 2010), box concentrator type (Saxena, Pandey, & Srivastav, 2011), and linear Fresnel 
lenses (Baral et al., 2015; Bernardo, Davidsson & Karlsson, 2012). These technologies differ in 
term of design, focal type, achievable temperature, operating characteristics, and reflective 
materials. Each of these technologies has its own positive and negative impact on biofuel 
production by solar pyrolysis, and therefore each technology can be used for specific 
application (Weldekidan, Strezov & Town, 2018). 
   For instance, from achievable temperature perspective, flat plate collectors can achieve 
temperature up to 80 °C in normal situation and up to 125 °C if they are combined with 
evacuated tubes (Weldekidan, Strezov & Town, 2018). Higher temperature can be achieved 
by linear compound parabolic which is capable to raise up the temperature up to 200 °C 
(Blanco et al., 1986), while linear Fresnel can obtain temperatures over than 300 °C (Nixon, 
Dey & Davies, 2010). Medium temperatures that range from 400 °C to 450 °C can be achieved 
by parabolic trough (Duffie & Beckman, 2013). According to Abu Bakar et al (2015) and others, 
the highest temperature that can be obtained by solar energy is around 2000 °C which can be 
achieved by central receiver system or parabolic dish reflector (Nixon, Dey & Davies, 2010; 
Tsoutsos, Gekas & Marketaki, 2003).  
Solar concentrator  
Achievable 
 Temperature (°C) 
Concentration design Referance 
Flat plate 80 - 125 Open ambient sunlight 
Weldekidan, Strezov & Town, 
(2018) 
Linear compound parabolic 200 Focal line Blanco et al., (1986) 
Linear Fresnel 300 Focal line Nixon, Dey & Davies, (2010) 
Parabolic trough ≥ 400 Focal line Duffie & Beckman, (2013) 
Parabolic dish reflector ≤2000 Focal point Abu Bakar et al (2015) 
Table 5: Type of solar collectors, their achievable temperature levels and concentrating design. 
 
   Flat plate technology is run without solar concentration. By adding graphite as solar 
absorbing material to these plates, thermal foam to the bottom of graphite layer as insulator 
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to minimize heat losses, and transparent bubble wrap on the top of solar plates, flat plate 
system is able to produce saturated water steam in open ambient sunlight with around 64% 
efficiency (Ni et al., 2016). Solar parabolic trough is commonly used for industrial purposes 
whereby solar panels are arranged to reflect solar rays to a receiver. Solar energy that 
collected by receiver is used to produce steam.  
   Excluding parabolic dish reflector, most solar collecting systems give linear focus of solar 
energy. However, focal point type such as parabolic dish is more productive in term of high 
heat temperature (Weldekidan, Strezov & Town, 2018). Although different types of solar 
collector can be utilised in solar pyrolysis, some of them are more beneficial for drying process 
of sludge more than pyrolysis reaction. Following is a view about common solar collectors 
that can be used in solar pyrolysis reaction.   
   
5.2.1 Parabolic trough concentrator 
 
   It is a U-shaped plat which is symmetrically and straight curved in one dimension as a 
parabola to reflect and concentrate solar energy into a linear tube in the centre (Figure 30 & 
31). 
 
Figure 30: Schemes illustrate parabolic trough concentrator design. (Bader et al., 2009; alternative-energy-tutorials.com; solabolic.com, 
resp.) 
 
Figure 31: Solar plants use parabolic trough concentrator (energynext.in) 
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   Mirrors or high reflective materials are used to coat the face of parabolic trough from sun 
side to reflect the solar radiation onto a reactor which is often a tube from a high thermal 
conductive metal such as copper or evacuated glass (Abid, Ratlamwala & Atikol, 2016). This 
glass should be able to meet high working temperatures ≥400 °C and high concentration ratio 
of 30 to 100 (Duffie & Beckman, 2013). Concentration ratio can be defined as the ratio 
between aperture area which receives concentrated solar energy and the opening are of 
concentrator. Solar concentration in parabolic can be done through one (Figure 2b) or two 
stages (figure 2a) (Bader et al., 2009). The reactor should be placed at the line of focal point 
of parabolic trough. In addition to copper and glass, bimetallic copper-steel can be used 
efficiently despite of stratification (Flores & Almanza, 2004). According to Lovejoy et al., 
(1993), parabolic technology is able to provide stagnation temperature up to 600 °C with 
optical efficiency about 80% and electricity generating rate 354 W/m2. For pyrolysis of sludge, 
pyrolysis reactor can be placed either in the focal line for direct heating (Alonso & Romero, 
2015) or away from the concentrator and then use heat conveyer or transferring medium 
(Weldekidan, Strezov & Town, 2018). However, the both methods have technical challenges. 
Instability and overheating of the reactor are the main risk of direct heating method and 
complexity of controlling mechanisms for indirect heating method (Nixon, Dey & Davies, 
2010).  
 
5.2.2 Linear compound parabolic concentrator (LCPC) 
 
   LCPC is a 2D type of Compound Parabolic Collector (CPC) (Antonini et al., 2013). CPC can be 
described as an ideal collector because it works to collect and focus a large area of sunlight 
distribution onto a small area with minimal amount of loss (Patel, Brahmbhatt & Panchal, 
2018). It is designed with a range of incidence and acceptance angles that able to reflect 
incident solar radiation on its aperture toward its centre randomly. Due to random reflection, 
CPC concentrates solar radiation on an area rather than a line or point which results in no 
forming of image or the light source image. CPCs with smaller concentration ratios don’t need 
to track the sun because of their apertures ability to receive a large ratio of incident diffuse 
radiation and then concentrate them (Patel, Brahmbhatt & Panchal, 2018). A double-sided 
absorber or reactor is usually placed in this concentration area which is normally the CPC axis.    
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The absorber is designed in different shapes such as circular, cylindrical or flat (Gu, Taylor & 
Rosengarten, 2014). 
   Although the both CPC an LCPC are non-imaging-type solar energy concentrating collector 
reflector devices, they have some difference in term of physical design, focus of output energy, 
and tracking system. LCPC is a linear focus 2D concentrator (Figure 32) that is used generally 
as stationary collector or a non-tracking solar concentrator (Blanco, Gomez-Leal & Gordon, 
1986) whilst CPC is a point focus 3D concentrator (Figure 33) that is used as a solar tracking 
system (Antonini et al., 2013). The design of CPCs seems like a deep 3D parabola while the 
common design of LCPC consists of a parabola in the upper section while the bottom section 
resembles a circle (Figure 32). Thus, focus area of LCPCs extends linearly from edge to edge 
as a line (Patel, Brahmbhatt & Panchal, 2018).  
   In the field of solar thermal applications, despite CPCs can achieve high ratios of solar 
concentration through solar tracking system that can approach the theoretical limits, they are 
mostly used as static linear concentrators to focus solar light onto tubes at concentration 
around (~1.5x) (Smestad et al., 1990; Welford & Winston, 1989). While there is no literature 
about using 3D for pyrolysis of sludge, the ultimate temperature has been achieved by LCPC 
doesn’t exceed 200 °C when concentration ratio is 3 (Weldekidan, Strezov & Town, 2018). 
Therefore, for sludge pyrolysis process, compound parabolic collectors can be used alone in 
drying process of sludge but not in the pyrolysis reaction itself which is required 500 to 600 
for optimal liquid yield. 
 
Figure 32: Schematic diagram and cross section of 2D CPC (LCPC). (Tian et al., 2018) 
 
 
Figure 33: Schematic diagram and design of different types of 3D CPC. (Patel et al., 2018; Tian et al., 2018, resp.) 
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5.2.3 Linear Fresnel reflectors 
 
   Relatively, this type of solar concentrators is the lowest cost among the other types in term 
of capital cost and maintenance cost (Nixon, Dey & Davies, 2010; Feuermann & Gordon, 1991) 
because it is made from normal flat mirrors. Practically, long and thin flat mirrors are used to 
reflect and concentrate sunlight onto a common point or line. The solar reactor or absorber 
is stationary and placed separately from the mirror field at this common focal point (Figure 
34). To enhance the solar energy concentration, a compact linear Fresnel reflector system can 
be used. In this technology, a rotatable Fresnel linear mirror can be used to track the sun 
movement and a secondary concentrator such as linear compound parabolic concentrator 
(LCPC) or parabolic trough concentrator can be combined with linear Fresnels. Secondary 
reflectors are located at the common focal point of mirrors to increase the total concentration 
(Wang, 2019). Normal simple linear Fresnels reflector is able to concentrate solar radiation 
30 times to achieve 150 °C as operation temperature but, when secondary reflector is 
integrated with the system, capture efficiency and optical efficiency will improve to 76% and 
60% respectively to achieve operational temperature up to 300 °C (Nixon, Dey & Davies, 2010). 
 
Figure 34: Schematic diagram and design of compact linear Fresnel reflector system. (Gouthamraj, Rani & Satyanarayana 2013; Awesome 
Inc. theme; fineartamerica.com, resp.) 
 
 
5.2.4 Parabolic dish reflector 
 
   It is a circular coated paraboloid or a coated surface shaped by revolving a half of a parabola 
around its axis to seem like a dish or satellite antenna (Hafez et al., 2017) (Figure 7). It 
concentrates incident solar radiation that enters its aperture onto a receiver which is placed 
at the focal point of reflector (Orosz & Dickes, 2017). For high thermal production, parabolic 
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dish reflector is the only practical technology that focus solar energy onto a single point rather 
than linear focal (Pheng et al., 2014). Although it depends on its size, its typical concentration 
ratio ranges between 500–3000 (Orosz & Dickes, 2017; Tesfay et al., 2014) thus, it is 
considered the most efficient solar collector (Kalogirou, 2009) and suitable for high 
temperature production. Its optical efficiency is around 94% (Weldekidan, Strezov & Town, 
2018) and its achievable temperature at the reactor reaches 2000 °C (Bakar et al., 2015). In 
parabolic dish reflector, a two-axis continuous tracking mechanism is required to ensure that 
solar rays are properly focused onto the focal point throughout the day and hence achieve 
high performance (Orosz & Dickes, 2017). Parabolic dish reflector works individually as 
independent generation unit and is rarely connected to other solar collectors in solar field. 
 
Figure 35: Schematic diagrams illustrate the concept and main parts of parabolic dish reflector. (Shaik Mohasin, 2012; Hafez et al. 2017, 
resp.) 
 
   For pyrolysis of sludge which requires medium to high temperature (450 °C to 900 °C), 
parabolic dish reflector can be the best solar collector to provide required heat energy. 
Temperature degrees are simply controlled by using different size of parabolic dish reflector. 
 
5.2.5 Calculating the productivity of solar concentrators 
 
   This paper has highlighted the widely used technologies for solar concentration. Following 
is the mathematical method of calculating productivity and efficiency of the most four 
common solar concentrators; Linear Compound Parabolic Concentrators (LCPC), Parabolic 
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Dish Reflectors (PDC), Linear Fresnel Reflector Concentrator (LFR), and Parabolic Trough 
Concentrator (PTC) (Figure 36). 
 
Figure 36: Types of CSP technology 
 
I. Concentrating Solar Power (CSP) general calculation equations 
 
 
Figure 37: Schematic representation of the component parts of a solar thermal power system 
 
General Terms:  
 HTF   =  heat transfer fluid 
 TES   =  thermal energy storage 
 NDI =  Normal Directly Irradiation 
    =   Optical Concentration ratio  
    =  geometric concentration ratio 
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Calculations:  
System efficiency  :  
=  × × × ×  
 
 is optional, where some power plant or industrial application has no thermal storage unit.  
 Conversion to any power type or shape. For example to convert to an electric power in 
Electric-thermal power plant, this value becomes  
=  _ ×  ×   
 
   Concentrating systems only make use of the Normal Directly Radiated (NDI) component of solar 
radiation which is the flux density of direct (un-scattered) light from the sun measured on a flat 
plane perpendicular to the sun’s rays. 
   Insolation flux density or irradiance is the rate of solar radiation energy flow through a unit area of 
space measured in (W/m2) (symbol is G).  
 ( ) is the ratio of irradiance at the receiver surface Gr to the incident solar irradiance G:  
=   
   is the ratio of collector aperture area Ac  to receiver area Ar : 
=   
(CSR) circumsolar ratio is defined by     =     
  is the solar intensity integrated from just the solar disc out to its limit at 4.65 miliradian (mrad). 
 is the solar intensity integrated over the annulus from 4.65 mrad to the outer extent of the solar 
aureole.  
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= 2.2 × . × ln(0.52 × ) − 0.1 
= 0.9 × . × ln(13.5 × ) 
( ) is the relative solar intensity, relative to the intensity measured at  = 0  
   A solar concentrator, whether line focusing or point focusing, needs to be aligned to the direction 
of the incident solar rays. 
 
Limits on concentration 
   The solar receiver cannot attain a higher temperature than that of the sun. Using this principle, limits 
the geometric concentration ratio that can be established. Considering the sun as a black body sphere 
of radius r, a distance R from an observer as shown in (Figure 38). At a distance R from the sun, all the 
radiation leaving the surface will be uniformly distributed across a sphere of area 4πR2. Thus, the 
irradiance will fall off with distance according to: 
=  ( ) =  × × ( ) = 5.67 × 10 × × ( ) 
 
 is the Stefan-Boltzmann constant. 
                               and   are the sun temperature and sun angle respectively 
 
Figure 38: Radiation flux from a spherically symmetric black body falls off as 1/ R2 
 
Thus, any point-focus solar concentrator must has a concentration ratio of no more than  
= =
( )
      For ideal point-focus CSP 
Where:     = The collector aperture area 
     = the CSP receiver area  
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        = is now generalized to be the acceptance angle (0.27o) which could be more or less 
than   





Thus, the concentration of radiation can only be achieved by increasing its angular spread∅, and this 
inherently leads to        ∅ >       
For a line-focus concentrator, then the geometric limitations on acceptance apply only in one 





So the maximum concentration limit for point focus concentrator is 46250 and for line focus 
concentrator is 215 only.  
 
Figure 39: The parabola has the property that, as a reflector, all incident rays parallel to the axis will be reflected to pass through a single 
point at the focus 
 
For parabolic and paraboloid concentrators:  
∅  is the rim angle calculated as  
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2 4 − 2
 
The width of the receiver (reflected radiation focal spot) d then is =
∅
     
Where r is the distance from the edge of the receiver to the edge of the collector.  
The maximum concentration ratio corresponds to ɸR=45°, and gives a maximum 
concentration ratio for a trough with flat receiver and solar acceptance angle θs= 0.266o  
, , , = = 108      
and 




Thus rim angle for dish and parabolic collectors with flat receivers should be ɸR=45°, 
 
Limits for cylindrical and spherical receivers 
 
 





Sohaib Hasan 1279857                                                                                                                                82 
The maximum angle for this type of receiver is 90o and thus the maximum limit of geometric 
concentration is  
, , , = =  68.5   
and 
, , , =
1
4 sin
=  11600 
 
Efficiency of optical part of the collector considering all type of error can be described as  
=
( )  
( ) 
     
Where 
( ) is the time varying NDI,  
  ( ) is the time varying concentrated irradiation at the receiver 
  is the aperture area of the collector  
The total losses of the receiver will be the sum of four losses contributions as  
_ =   + + +  
  = reflection losses  
 = radiative emission losses  
 = conviction process losses 
 = conductive process losses  




Where   
= ( )   
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Radiation losses:  
= ( − ) 
Where:  
  = Stefen-Boltzman constant  
 = Collector aperture area 
 = is a simplified shape factor between receiver and surroundings. 
 = receiver temperature in Kalven  
 = environmental temperature in kalven  
 
Reflection losses  
= (1 − )  
Where        = is the absorptivity of the collector surface  
 
Convection losses is modelled as  
= ℎ ( − ) 
Where 
   ℎ   = is the average convection heat transfer coefficient  









   = is the thermal resistance that depends on material conductivity and geometry  
   = is the receiver cross sectional area  
  = is the thickness of a single homogeneous (insulating) layer  
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 = is the thermal conductivity  
The above calculation is derived from (Lovegrove & Stein, 2012). 
 
II. Thermal linear collector efficiency 
 
The efficiency ŋ of a Parabolic trough collector and linear Fresnel reflector depends on the 
operating temperature of the collector, the direct normal irradiation Ib and the incidence 
angle θi of the solar radiation. The efficiency is defined as the ratio of the thermal power, 
absorbed by the heat transfer fluid, to the direct normal irradiation on the aperture area 
(Villamil, Hortúa & Lopez, 2013; Blanco et al., 2000; Wang, Wang & Tang, 2016): 
 
ŋ =   
 
= ŋ − ( − )  
 
ŋ = ( ) cos  
 





 ŋ  is the efficiency of the parabolic trough or linear Fresnel  
 ŋo is the optical efficiency 
 Uc  is the solar collector heat transfer loss coefficient that depend on the 
temperature (W/m2.°C)  
 Ib  is the direct normal irradiation (W/m2) 
 Qu  is the heat received by collector (W)  
 Tc  is the absorber temperature (oC) 
 Ta  is the ambient temperature (oC) 
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 Uc0 and Uc1  are constant determined from empirical test (W/m2.°C) 
 Aa  Total area of the absorber (m2) 
 Ac  total collector aperture area (m2) 
 C  is the concentration ratio  
 ρc  is the mirror reflectance    
 αc   is the absorptance of the receiver    
 τc is the transmittance of the receiver  (absorber and glass cover)     
 γ is the intercept efficiency (in most cases it is =1 “assume all reflected ray are 
intercepted”    
 θi  is the incidence angle  
   Varies depends on collector’s mirror type and collector direction (East, west, 
north, or south) 
  δ is the declination angle  (o) 




( ) = 1 − cos sin ℎ 
the incidence angle for Parabolic trough (PT) collector  
 
(cos ) = ( )  
the incidence angle for Linear Fresnel  (PT) collector 
where 
 F  is a factor empirically evaluated and it is taken equal to 0.7 in some cases.  
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Figure 40: Variation of incidence angle during a typical year For PTC & LFR. 
 
Table (6) below illustrates a compression between these two collectors; parabolic trough and linear 






















Fresnel 10 - 200 25-100 20 9-11 25-70 
250 - 
500 4-6 
Table 6: A comparison between parabolic trough and linear Fresnel solar collectors 
 
   A comparison study between parabolic trough and Linear Fresnel done in Hassi Rmel region 
(El Gharbi et al., 2011) located 420 km south of Algiers (Algeria) showed that the calculated 
annual efficiency of parabolic trough(ŋPT) is 55.8% while the annual efficiency of Linear Fresnel 
(ŋLF) is 47.75%.  
 
III. Linear Fresnel reflector (LFR) technology 
 
Data released thus for (NOVA-1, 2011b) on the Nova-1 technology are: 
 Convective thermal loss at coefficient  = 0.056 /( ) 
 Radiative thermal loss at coefficient  = 0.000213 /( ) 
 Power lost    = ∆ + ∆  
 Reference temperature conditions: 40  ambient; 100  inflow; 270  outflow  
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 Angle-independent optical efficiency   = 0.67 (for sun in zenith) (with 100% clean 
primary and secondary reflectors and receiver glass tube) 
 No wind assumption stated 
 246.2 kW per module 
 541 /  collected per area of primary reflectors (502.3 /  PE-1) 
 900 /   direct normal radiation (DNI) at azimuth angle 0°, zenith angle 30°. 
A study was held in 2012 shows that the maximum steam temperature have been reached 
by using this type of reflectors is 450 . 
 
Figure 41: MWe powerplant schematic. The system uses a saturated steam turbine. From Novatec PE-1 brochure (courtesy Novatec Solar 
GmbH). 
 
ISE thermal Energy loss of hot receiver surface in this reflector is q’ 
= 0.011635. Δ    (W/m2) where  Δ  is the temperature difference in Kalvin between 
the output fluid temperature and the ambient temperature near the collector.  
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Novatec Heat losses  
 = ∆ + ∆  
Ploss is the heat loss in (W/m2) of primary reflector  
 = 0.056 /( )     
and  
 = 0.000213 /( ) 
 
Industrial Solar give their loss as simply the thermal loss per m2 of primary reflector,  
 = 0.00043 /( ) 
Where 
 Ambient temperature is supposed to be = 303K  
 Optical efficiency = 22.3%  
 Sun zenith angle = 5o  
 The central reflector is shaded with the sun at zenith and the figure is consequently 
slightly lower at solar noon 
SCHOTTSOLAR and NREL provide another (energy) heat loss as follows with assumption that 
the output fluid temperature = 500oC (Collares-Pereira, Canavarro & Guerreiro, 2017).  
 = 0.141 × + 6.48 × 10 ×    (W/m) (m is the tubular length) 
 is the fluid output temperature in (oC)  
 
The electricity produced can be calculated on an hourly basis according to 
. = × × × × × − × ( + + ) × ×  
 
  is the total mirror area of the collector  
  is the temperature of the heated fluid  (Higher temperature Fluid) 
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   is the heat loos of the receiver  
  the heat losses of the connecting pipes 
  is the efficiency of the steam generation 
  is the efficiency of the turbine 
 ′ + ′ means only the positive value of the brackets to be considered  
 
The yearly sum of produced electricity then is  
, = .  
 
Note: the electrical energy generated by the concentrator can be calculated based on (W/m) 
or (W/m2k2) from   and     equations above multiplied by the efficiency of the turbine. 
Which leads to the final two equations (Collares-Pereira, Canavarro & Guerreiro, 2017). 
 
Example of LFR data and efficiency  
   According to Lovegrove & Stein (2012) and Collares-Pereira, Canavarro & Guerreiro (2017),  
industrial LFR reflectors, for example, those made by Industrial Solar (2011) have been 
developed and provided with a superheated LFR steam generator of 400oC temperature 
which is used to generate electricity. The data provided by Industrial Solar Company about 
their LFR concentrator are:  
 Thermal loss at 400oC (μ= 0.00043 W/(m2k2)) 
 Temperatures of the system (ambient =30oC; inflow = 160oC; outflow = 180oC)  
 Angle-independent optical efficiency (100% clean primary and secondary reflectors 
and receiver glass tube) 
 Optical efficiency  = 0.635  (sun in zenith) 
 = 0.663  (sun at 5o transversal zenith angle) 
 Mirror reflectivity 95%  
 Receiver thermal emittance @380oC = 9% 
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 Solar absorptance direct = 95% 
IV. Parabolic-trough concentrating solar power (CSP) systems   
 
 
Figure 42: Schematic configuration of a typical SEGS plant using parabolic trough concentrator. (Lovegrove & Stein, 2012) 
 
 
Figure 43: Correct positioning of a parabolic-trough concentrator. (Lovegrove & Stein, 2012) 
 
   Commercial PTC designs for solar thermal power plants are 100 m to 150 m long, and have 
a parabola width of about 6 m, which provides an aperture area of 550 m2 to 825 m2 
approximately.  
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   The angle defined by the two vectors shown in (Figure 40) is called the incidence angle. As 
the smaller the incidence angle, the more incident solar flux can be reflected and converted 
into useful thermal energy in the receiver pipe. The most important PTC parameters are the 
geometric concentration ratio, acceptance angle, rim angle and peak optical efficiency. These 
parameters are explained in the following paragraphs. The geometric concentration ratio, Cg, 
is the ratio between the collector aperture area and the total absorber tube area. This 
concentration ratio is usually about 25, although theoretically, the maximum is about 70. High 
concentration ratios are associated with higher working temperatures. The Geometric 
concentration ratio, Cg, is given by  
 
Figure 44: (a) Geometric concentration ratio, Cg , and (b) acceptance angle, β  and aperture angle, ψ  of a parabolic-trough collector. 
 
= =   
Where   
    is the outer diameter of the receiver steel pipe 
    is collector length 
    is the parabola width. 
 The acceptance angle, β, is the maximum angle that can be formed by two rays on a 
plane transversal to the collector aperture in such a way that, when they are reflected 
by the parabolic mirrors, they intercept the absorber pipe. The minimum acceptance 
angle is 32 ′  (0.53°), which is the average solid angle with which the solar disk is seen 
from the Earth. Most commercial PTC designs have acceptance angles within the 
range 1–2°, with geometric concentration ratios of 20 to 30 
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The rim angle, ψ , which is directly related to the concentrator arc length, can be calculated 





Optical losses are very important in parabolic-trough collectors because they are about 25% 
of the total solar flux incident on the PTC aperture plane. Optical losses are associated with 
the following four parameters:  
 Reflectivity, ρ , of the collector reflective surface. Typical reflectivity values of clean 
silvered glass mirrors are around 0.93. 
  Intercept factor, ϒ . A fraction of the direct solar radiation reflected by the mirrors 
does not reach the active surface of the receiver pipe due to either microscopic 
imperfections of the reflectors, macroscopic errors in the parabolic-trough 
concentrator shape (e.g., inaccuracies during assembly), mechanical deformation of 
the PTC, flexible bellows, etc. This optical parameter is typically within the 0.91–0.93 
range for high-quality PTCs because γ 1  ≅  0.97, γ 2  ≅  0.96 and γ 3  ≅  0.99 where  
o γ 1  is geometrical errors in the parabolic-trough concentrator shape. 
o  γ 2  is shadowing by the flexible bellows  
o  γ 3  is the mechanical deformation of the support structure  
And therefore  
ϒ = × ×  
 
 Transmissivity of the glass cover, τ. It is typically τ = 0.93, and can be increased up to 
0.96 by anti-reflective coatings applied on both sides of the glass cover. 
 Absorptivity of the receiver selective coating, α. It is typically 0.95 for receiver pipes 
with a cermet selective coating, and slightly lower for pipes coated with black nickel 
or chrome. 
The peak optical efficiency of the PTC, η ,  : 
η , = × ϒ × × |  
η ,  is usually in the range 0.74–0.79 for clean, good-quality parabolic trough collectors. 
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Incidence angle modifier, K(ϕ), a modifier used to modify above equation if ≠ 0 , thus  
η , = η , × ( ) 
K(ϕ), determined by the PTC designer such as in LS-3 PTC power plant by a polynomial 
function 
( ) =  1               = 0  
( )
=
1 − 2.23 × 10 × − 1.1 × 10 × + 3.186 × 10 × − 4.855 × 10 × 0 < < 80
0 85 < < 90
 
 
Heat losses and energy 
 _     is the total thermal losses in a PTC  
 _     is the radiative heat losses from the steel receiver tube  
 _     is the convective and conductive heat losses from it to its glass cover 
 _     is the  solar energy f lux incident on the aperture plane 
 _     is the useful thermal energy delivered by the PTC 
 
Today’s high temperature PTCs are provided with evacuated receiver pipes, thus avoiding 
convection losses between the steel pipe and its glass cover. 
The efficiency of the entire PTC systems is    calculated as  
=  _
_
     
 and 
_ =  ∙ ∙ cos( ) 
_ =  ∙ (ℎ − ℎ ) 
Where 
    is the collector aperture surface area. 
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   is the direct solar irradiance (DNI) 
    is the incidence angle 
      is the fluid mass flow through the collector receiver tube 
 ℎ   is the fluid specific mass enthalpy at the collector outlet 
 ℎ   is the fluid specific mass enthalpy at the collector inlet 
 
Since the fluid mass flow and the inlet and outlet temperatures are not known during the 
solar field design phase, the expected net thermal output has to be theoretically calculated 
from the energy balance, and direct solar irradiance, ambient air temperature, incidence 
angle and PTC optical, thermal and geometrical parameters using 
_ = ∙ ∙ cos ∙ , ∙ ( ) ∙ − _  
Where  
  Soiling factor, which is calculated as the ratio between average PTC mirror 
reflectivity during real operation and the nominal reflectivity when the PTC is 
completely clean. Usually, = 0.978      and 0.95 < < 1 
 
Design of parabolic-trough solar fields for CSP plants 
 
A typical parabolic-trough collector field is composed of parallel rows of collectors. Each row 
is composed of several collectors connected in series.  There are three stages in parabolic-
trough collector solar field design: 
There are three stages in parabolic-trough collector solar field design: 
1. Define the design point, which is the set of assumed design values. 
a. Conceder  
i. local weather conditions 
ii. parameters of the PTC design chosen and customer specifications 
iii. Collector orientation 
iv. Design point date (month and day) and time 
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v. site location (latitude and longitude) 
vi. direct solar irradiance and ambient air temperature for the selected 
date, time  and location 
vii. total thermal output power to be delivered by the solar field 
viii. soiling factor of the solar field 
ix. solar field inlet/outlet temperatures 
x. solar collector working fluid 
xi. Nominal fluid flow rate. The higher the mass flow the smaller the 
temperature difference that can be provided by a single parabolic-
trough collector at design point. 
 
2. Calculate the number of parabolic-trough collectors to be connected in series in each 
parallel row (n). 





               ∆   is the difference in temperature between required 
operating temperature and ambient temperature.  
 
  ∆ /  Temperature difference that can be provided by a single 
collector at design point at the designed nominal fluid flow rate 
 
3. Calculate the number of parallel rows to be installed in the solar field (N). 
 
=
ℎ     ℎ        ℎ   
ℎ            
 
N depends also on whether the plant have thermal storage system or not.  
 
Two parameters are essential for calculation of solar field size and rated plant power: the 
solar multiple and the capacity factor. The solar multiple is the ratio between the solar field 
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thermal output at design point (the design point is set at noon on a summer day) and the 
thermal power required to feed the power block at nominal (rated) power. The capacity factor 
of the solar plant is the ratio between the number of equivalent full-load solar-only operating 
hours a year and the maximum number of hours of plant operation if it were operated around 
the clock (365 × 24 = 8,760 hours). 
Table (7) illustrates the design specifications of two recent Solar Energy Generating Systems 
(SEGS) are used in plant built by LUZ International (Lovegrove & Stein, 2012).  
 SEGS 8 SEGS 9 
Duration service  1989-Present 1990-Present 
Net Electric power  80 MW 80 MW 
Efficiency in solar mode (%) 37.6 37.6 
PTC model LS3 LS3 
Total aperture area (m2) 464340 483960 
Solar field inlet/outlet temperatures (oC) 293/390 293/390 
Synthetic oil (HTF) M-PV1 M-PV1 
Table 7: Specifications of two generation of SEGS; 8 &9. (Lovegrove & Stein, 2012) 
 
 
V. Parabolic dish concentrating solar power (PDC) systems 
 
Dish concentrators have the highest optical efficiencies, the highest concentration ratios 
and the highest overall conversion efficiencies of all the CSP technologies. 
Omara (2013) designed a solar dish concentrator for water desalination. The system 
produce a daily average of distillate water of 6.7 L/m2/day for the PDC with preheating of 
brackish water. In Omara's study, the daily average efficiency of PDC was 68%. However, no 
information about the size of the plant is available in the reference (Zheng, 2017). 
 
Basic principles: 
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Figure 45: Schematic representation of a dish system. (Lovegrove & Stein, 2012) 
 
A dish system consists of:  
1. a parabolic shaped concentrator,  
2. tracking system,  
3. solar heat exchanger (receiver),  
4. an (optional) engine with generator and  
5. a system control unit  
 
Figure 46: Steps of design a parabolic solar dish. (Lovegrove & Stein, 2012) 
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Calculation  
Following are the equations of the best design of Parabolic Dish Concentrators (PDC) 
according to Hafez et al. (2016) and Villamil, Hortúa & Lopez (2013). 
 
The receiver useful output energy to the fluid measured by W/m is  
=  
Or, it could be derived by  
=  
Where  
C  = is the concentration ratio of the solar dish 
I  = direct solar radiation on the solar dish, W/m2 
   = reflectivity of the concentrator 
K  = the thermal conductivity coefficient of the receiver, W/(m.K)  
=  ∗  
   = the absorptance of the material of the receiver.  
  = the transmittance of the glass cover of the receiver pipes 




 is the area of the dish collector (concentrator) and  is the area of the point 
receiver.  
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Figure 47: Geometry and dimension of the solar collector parabolic dish (Hafez et al., 2016) 
 
The usable energy output of the receiver is (Villamil, Hortúa & Lopez, 2013)  
= −  
 = is the usable energy from the receiver,  
 = total optical energy reach the receiver  
 = Energy losses by the system and fluid  
 = the receiver fluid coefficient of heat losses  
=   (W/m2.K) 
ℎ   = receiver fluid convection coefficient 
ℎ =  ×  
 = thermal coefficient of the receiver fluid (HTF) 
 = diameter of the receiver.  
 = Nusslet number. 
ℎ  = receiver fluid radiation coefficient 
ℎ = 4  
 = Stefen-Boltzman constant  
  = Emissivity del receiver 
 = average temperature of the fluid running inside the receivers pipe.  
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then     
= −  
 









  = is the dish apparatus diameter (Figure, 47) 
∅  = is the rim angle, from the first section, optimum rim angle is 90o for the dish 
type and 45o for linear type. However it could be changed according to the design, location and 
shape. It will be much better if it is very close to 90o. Thus,  






1 + cos ∅
 
      = is the receiver distance (focal point) from the edge of the dish (m) 
      = is the distance from any point of the dish surface to the focal point (receiver) 
Now to calculate the area of the receiver ( )  
= 2 ℎ 
ℎ        = is the contact surface of the receiver cylinder 
ℎ =
2 ×
cos ( − ∅)
 
= 90 +       (All are measured in degrees) 
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a        = is the height of the receiver shape (it is considered to be almost cylindrical in 
this case)  
  = the sun angle as it is seen by a circular dish in radian. It depends on the location 
and it’s too small (0.266o to 0.53o) according to (Villamil, Hortúa & Lopez, 2013). It can be 
obtained from solar and geometry data.  
     = is the receiver (receptor) radius 
= ( − ) × sin(
2
) 















     = is the fraction of the concentrator (collector) aperture area, which is not 
shadowed by receptor at noon.  
 =  −   
 
Dish optical efficiency is calculated by   
=   
 
Average temperature of the receiver fluid can be estimated by  
=  
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VI. Linear compound parabolic concentrators (LCPC) and compound parabolic concentrator (CPC) 
 
 
Figure 48: Isometric drawing of solar detoxification demonstration plant. (Blanco et al., 2000) 
 
Figure 49: Geometry of a tubular absorber ideal solar concentrator. (Wang, Wang & Tang, 2016) 
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LCPC & CPC have been studied by Umair, Akisawa & Ueda, (2014) and Oommen & 
Jayaraman, (2001). According to their study, following are the governing equations of LCPC 
& CPC 
 The CPC cover temperature is given by:  
( ) =  + [(ℎ + ℎ )( − )] − ℎ − − [ℎ ( − )] 
 
where 
   = is the energy absorbed by the cover 
  = is the mass of the cover  
= is the specific of the cover heat (J/kg∙K) 
ℎ  = is the radiation heat transfer coefficient between the receiver and the cover (W/m2∙K) 
ℎ  = is the convective heat transfer coefficient between the cover and the receiver 
(W/m2∙K) 
  = is the temperature of the absorber (K) 
  = is the temperature of the cover (K) 
ℎ   = is the radiation heat transfer coefficient between the cover and the sky (W/m2∙K) 
 = temperature of the sky (K)  
ℎ  = is the convective heat transfer coefficient from the cover due to wind (W/m2∙K) 
 = is the temperature of the air (ambient temperature) (K) 
And 
=  +  
Where:  
  = is the total area of the cover (m2) 
  = is the total area of the absorber (m2) 
  = is the direct normal solar irradiation beam (W/m2) 
  = is the angle of incidence (o) 
  = is the absorptance of the cover.  
  = is the transmittance of the cover.  
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  = is the average number of reflections of the compound parabolic concentrator 
  = is the reflectance of the absorber 
 
The CPC absorber temperature is given by  
( ) =  − [(ℎ + ℎ )( − )] 
 
  = is the mass of the absorber (Kg) 
  = copper specific heat ((J/kg∙K) 
  = is the energy of the absorber (W)  
  
 =  cos +  
 
    = is the control factor for whether the radiation is accepted by the CPC (1 or 0 
 = is the geometric insolation-diffused irradiation (W/m2)  
 = transmittance of the diffuser.  
− ≤ tan (tan cos ) ≤ +  
 
  = is the tilt angle (°) 
  = is the half sun acceptance angle (°) 
  = is the zenith angle (°) 
  = is the solar azimuth angle (°) 
 
Then the useful system energy   
= −    
 
And the lost energy  
=  ( − ) 
 
Where:  
 = is the heat transfer factor of the fluid  
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 = is the heat loss coefficient of the fluid 
 = average temperature of the fluid  
  = is the ambient (air temperature) 
 
System instantaneous efficiency  then  [11]is   
=  
(  −  )
 ×
 
= cos  +  
 = is the CPC concentration ration 
=   
  = is the effective irradiation (W) 
  = is the mass flow rate (kg/s) 
  = is the specific heat of heated fluid.  
=  
 −  +
 × ×
 
  = is the mass of the condensate fluid inside the CPC pipes 
  = is the latent heat of vaporization of water 
  = is the condensation time in seconds  
 
   Design of Compound Parabolic Solar Concentrators is shown by (Wang, Wang & Tang, 2016). 
They used All-Glass Evacuated Solar Tube as Receiver. However, for water heating system, at 
100o C and normal pressure, the instantaneous efficiency of this system is calculated to be 
28%. 
 
5.3 Arrangement and installation of solar harvesting system 
 
   Despite most studies on solar pyrolysis of sludge are at pilot scale, there are different trials 
around the world to build facilities use the actual solar input for thermochemical processes 
at industrial scale (Yadav & Banerjee, 2016). These days, there are solar plants in Spain, 
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Germany, Australia, and the US. In these facilities, different ways have been used to install 
the solar system; a typical horizontal on-axis solar arrangement (Hinkley, McNaughton & 
Neumann, 2010), a horizontal off-axis solar arrangement (Institute of Solar Research in 
Germany DLR, 2015), a vertical axis solar arrangement (Rodriguez, Canadas & Zarza, 2014), 
and a beam down solar arrangement which known as tower top arrangement (Epstein et al. 
2008). For typical horizontal on-axis solar systems (Figure 50), losses in the incoming solar 
energy experienced because of the experimental platform that sets between concentrator 
and heliostat. The arrangement off-axis solar systems (Figure 51) has been set up to address 
this issue. However, this arrangement cannot achieve the maximum optical performance 
because of the non-symmetricity of the beam from the focal plane. However, horizontal axis 
design results in losses in melted materials, therefore a vertical axis arrangement (Figure 52) 
has been developed to make the focus horizontally (Yadav & Banerjee, 2016). 
 
Figure 50: Schematic of typical horizontal on-axis solar design. (Hinkley, McNaughton & Neumann, 2010) 
 
Figure 51: Schematic of horizontal off-axis solar design. (Institute of Solar Research in Germany DLR, 2015) 
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Figure 52: Schematic of vertical axis solar design. (Rodriguez, Canadas & Zarza, 2014) 
 
   For commercial production, the solar thermochemical plant should use high concentration 
system. Therefore, tower top arrangement which operates with receivers located on top of a 
tower is the typical arrangement (Yadav & Banerjee, 2016). The heliostat in this arrangement 
receives the solar radiation and then reflect them to a tower mounted hyperboloid reflector. 
The reflector redirects the solar radiation to a reactor located on the ground. This 
arrangement especially a beam down system (down faced reflector) (Figure 53) is desirable 
(Epstein et al. 2008) due to its advantages such as achieving high temperature, ease of 
instalment, operation and maintenance of solar reactor and other auxiliary equipment 
because of their location on the ground rather than on tower. Financially, this arrangement 
results also in considerable savings in the costs required for the tower building (no need for 
high tower), and the heat transport system (compact arrangement) (Yadav & Banerjee, 2016). 
However, this arrangement requires an array of secondary collectors to concentrate and then 
to recover the lost magnification as well as a well-supported huge hyperboloid reflector which 
located almost half height of a tower top (Vant-Hull, 2014). 
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Figure 53: Schematic of beam down solar arrangement. (Epstein et al. 2008) 
 
   The secondary concentrator is more recommended to be used for solar thermochemical 
processes which operating above 725 Co because this will decrease the thermal radiation 
losses from the receiver more than the optical losses (Segal & Epstein, 1999). Segal & Epstein 
(1999) found that the density of optimum heliostat field is about 35% and this relies on the 
net energy absorbed in receiver. 
 
 
5.4  Coating materials 
 
   Coating material of the both reflector and receiver affect the efficiency of solar 
concentrating system. The achievable temperature will be maximized with proper reflective 
filming of solar collector such as parabolic dish collector (Kaygusuz, 2001). Silver is the most 
preferable colour to coat solar collectors particularly parabolic dish collector which is the best 
candidate for solar thermochemical processes. For instance, silvered polymer films or 
stretched aluminium silvered polymer, silver coated glass (Weldekidan, Strezov & Town, 
2018), and anodized sheet of aluminium (Auti et al., 2015). Plain aluminium also has been 
gotten attention as a reflector coating because it offers 85% reflectivity and low cost (Kumar, 
Pachauri & Chauhan, 2015). Although the trend in current studies is to use long-term solar 
reflective materials that withstand with outdoor applications such as anodized aluminium 
sheets or polished stainless protective polymer coating (DiGrazia, Gee & Jorgensen, 2009; 
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Fend, Jorgensen & Küster, 2000). In comparison to glass mirror reflectors, polymer reflectors 
offer great flexibility in term of system design due to its low weight and cost (Kennedy & 
Terwilliger, 2005). 
   Matte Black is the colour used widely for coating materials of receiver or reactor in solar 
thermal applications (Weldekidan, Strezov & Town, 2018). Materials that used for black 
coating should be able to endure operation conditions such as high temperatures. In addition, 
they should be stable chemically and manufactured easily with low cost (Kennedy, 2002). 
Cobalt oxide (Co3O4) is presented as a durable, hardly degraded, and effective black coating 
material for solar thermal reactors. Its high sunlight absorbing efficiency which reaches 88.2% 
makes it a preferable choice for high solar absorption in high-temperature solar harvesting 
systems (Weldekidan, Strezov & Town, 2018). Furthermore, oxide nanoparticles showed 
reasonable performance as a black coating material for solar absorbing (Moon et al., 2015). 
   In addition to black coating materials, reactor in solar systems can be also enveloped or 
covered by a glass tube to achieve higher temperature and to maintain this high temperature 
for longer time (Weldekidan, Strezov & Town, 2018). 
 
 
5.5  Thermal Storage Systems 
 
   The limited hours of sun appearance during the day is one of the main challenges of solar 
systems. Therefore, different systems of thermal storage are used to overcome this issue. The 
common three thermal storage methods are latent, sensible, and composite (Wang, 2019). 
Thermal storage by chemical reaction is used in a limited scale due to its complexity, safety 
requirements, and low overall efficiency. Nowadays, thermal storage by using phase-change 
materials (PCMs) has received high attention and development as a superior thermal storage 
system. Regular PCMs divided into organic and inorganic. Inorganic PCMs in actual 
applications have many problems such as phase separation and PMC super-cooling while 
organic PCMs have low thermal conductivity. Therefore, they are severely restricted in solar 
thermal storage. For solar thermal storage, new types of PCMs such as composite phase-
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change materials, functional thermal fluid, and shaped PCMs seem as promising candidates 
(Wang, 2019).  
   Practically, molten inorganic salts such as carbonates of sodium, lithium, and potassium can 
simultaneously, absorb, store and transfer solar energy. The molten salt can be also a mixture 
of different salts such as sodium nitrate, calcium nitrate, and potassium nitrate. The most 
common mixture contains 40% potassium-nitrate and 60% sodium nitrate (saltpetre) 
(Mancini, 2011). In comparison to other heat transfer liquids, molten salts are non-toxic and 
non-flammable. According to present working projects, molten salts are able to make solar 
pyrolysis feasible by keeping the solar pyrolysis unit runs continuously, round the clock 
(Adinberg, Epstein & Karni, 2004). Ability of molten salts to retain thermal energy from the 
sun is supposed to grant solar pyrolysis unit an annual efficiency of 99% (Biello, 2009; Mancini, 
2011).  
   Thermal storage system consists of two insulated storage tanks; a relatively cold tank and 
hot tank. Because the melting point of salt is 131 °C, the temperature in the cold tank should 
be 288 °C to keep the salt liquid. Heat resistant pumps are used to pump the liquid salt from 
the cold tank through tubes to the focal point of the solar collector. The concentrated solar 
irradiance heats the molten salt to 566 °C or higher. Molten salt then carry on in to reach the 
hot storage tank. The well insulated tank is able to store usefully thermal energy for up to a 
week (Ehrlich & Geller, 2017; Xiang, 2017; Xiang & Zhang, 2017). During the night time, the 
hot molten salt is pumped to the solar dryer and pyrolysis reactor to provide them by the 
required temperature to start up the reaction. 
 
Figure 54: Schematic of molten salt technology for thermal storage. (Mancini, 2011). 
Reactor 
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   The volumetric capacity of these tanks depends on the size of the unit and its requirements. 
For example, the stored energy in a circular tank of about 12m radius and 9.1m height can 
generate heat energy equivalent to 100-megawatt of electrical energy for four hours (Mancini, 
2011). 
   Molten salts are able to sustain temperature up to 600° C (Xiang, 2017). Furthermore, 
involving these molten alkali carbonate salts in solar pyrolysis could also enhance the solar 
transients’ stability, increase the pyrolysis rate by 74%, and lessen the time rates of reaction 
(Hathaway, Davidson & Kittelson, 2011). 
   This concept has been applied in many solar stations around the world. The Gemasolar 
station in Spain (Figure 55) has utilised molten salts since 2010. This solar plant is run 24 hours 
a day and during cloudy days by storing solar thermal energy using molten salts at more than 
500 ◦C (Abiven, 2012). In the same concept, molten salt technology is used in the Solana 
Generating Station in the U.S. and the María Elena plant in the northern Chilean region of 
Antofagasta (Marca Chile). 
 
Figure 55: The Gemasolar plant in Spain. (endalldisease.com; masdar.ae, resp.) 
 
   There are research have done currently to develop devices are able to collect and store the 
heat from solar energy. These devices are known nanoantennas (nantennas). Nantennas are 
electromagnetic collectors capable to collect and absorb the both solar and background infra-
red (heat) energy at specific wavelengths. This absorbed energy can be used later in the night 
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5.6 Solar Reactor of sludge 
 
   Although there are a few literatures about solar pyrolysis of sludge, the same design of solar 
reactor of biomass can be used for sludge (Zadik & Israel, 2011). In solar thermochemical 
biofuel production, sludge is placed in a solar reactor which can be heated either directly or 
indirectly by using solar energy from the solar collector.   
   In all solar collector systems, solar thermal reactor is exposed directly to the concentrated 
solar radiation by placing it in the focal point or line of solar system. The essential difference 
between direct and indirect reactors is the way of sludge heating. For directly heated reactors, 
sludge absorbs heat directly from solar radiation (Figure 56a). To increase the efficiency of 
energy transfer to sludge by direct solar radiation, the reactor should be transparent. It is 
usually made from fused quartz or borosilicate glass (Alonso & Romero, 2015), therefore, the 
solar reactor surfaces should be cleaned continually at all-time to maintain the continuous 
passage of the concentrated solar rays and hence heating of sludge (Piatkowski & Steinfeld, 
2011; Melchior et al., 2009). In term of the method of processing sludge, any traditional 
pyrolysis technique can be used for solar pyrolysis such as fluidized bed reactor, fixed bed 
reactor, super critical water reactor, or vacuum pyrolysis reactor (Zadik & Israel, 2011). 
   For indirect heating reactors (Figure 56b), clean walls are not a problem because the reactor 
has opaque walls and usually coated by matte black. They are practically made from metals 
that have high thermal conductivity such as copper (K: 423 W/m.K), pure silver (K: 
418 W/m.K), and aluminium (K: 215 W/m.K). To improve the performance of reactors, they 
are enveloped by evacuated tube to prevent the losses in radiative heat (Weldekidan, Strezov 
& Town, 2018). Opaque walls of reactor absorb the heat first and then transfer it to sludge by 
conduction (Tesfay, Kahsay & Nydal, 2014) or conviction via heat transferring fluid (HTF) 
(Asmelash et al., 2014). Despite HTF is normally mineral or synthetic conducting oil, molten 
salts (Xiang, 2017) and other intermediate fluids such as liquid metals and gasses can be used 
as HTF as well to improve the conditions of heat transfer (Adinberg, Epstein & Karni, 2004). 
Conducting oils might be less suitable for pyrolysis of sludge due to their lower heat capacity 
in comparison to others. However, indirect heating reactors are usually less efficient than 
direct ones because the efficiency of heat transmission is influenced by the material of the 
both absorber and conductive (Piatkowski & Steinfeld, 2011). Heat transfer efficiency is also 
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affected by packing density of feedstock, feedstock' particles size, physical properties of 
feedstock' particles and reactants, and their flexibility of movement inside the reactor 
(Adinberg, Epstein & Karni, 2004). Previous variables, in addition to its requirement to 
maximum operating temperature and its resistance to radiative absorbance and thermal 
shocks are considered as some drawbacks of indirect heating reactors (Piatkowski & Steinfeld, 
2011). 
 
Figure 56: diagram of (a) direct heating solar reactor, (b) indirect heating solar reactor. (Weldekidan, Strezov & Town, 2018) 
   
 
5.7 The process of solar pyrolysis of sludge 
 
   As mentioned before, due to the shortage of literatures about solar pyrolysis of sludge, 
sludge might be treated as a solar pyrolysis of biomass due to its organic and carbonaceous 
content. However, solar pyrolysis to convert biomass into biofuel is still also an emerging 
technology although it has started from 1980s (Zeng et al., 2015).  
   Previous literatures about solar pyrolysis of biomass demonstrate that liquid yield is more 
affected by reaction temperature and heating rates than type of biomass. The highest liquid 
yield by solar pyrolysis of biomass was obtained at 465 °C by using a parabolic trough to 
process orange peel. This temperature is almost similar to that of optimal liquid yield of 
pyrolysis of sludge (Morales et al., 2014). However, most experiments were done at 
temperatures range from 450-2000°C with heating rates range from 5-450°C/s (Weldekidan, 
Strezov & Town, 2018).  
   Zeng et al. (2015) used argon as sweep gas in his laboratory scale experiment that 
demonstrates that sweep gases have minor effect on products of solar pyrolysis in 
comparison to reaction temperature which is with heating rate the most significant 
parameters in the process where the higher temperature and heating rates result in lower 
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liquid yield. Meanwhile, when the temperature increases, the Lower Heating Value (LHV) 
increases as well. Applying pressure has negligible effect on the product distribution but may 
affect LHV.  
   Experimental tests (Zeng et al., 2015) and Computational Fluid Dynamics (CFD) (Soria et al., 
2017) indicate that fast pyrolysis which means fast heating rate produces more volatiles 
because it improves the decomposition of intra-particle tar and the char profile uniformity. 
Therefore, similarly to the temperature, the higher heating rates the higher gaseous yield 
(Zeng et al., 2016). Different types of catalysts can be utilised in solar pyrolysis. Although their 
impact is small when compared to the temperature and heating rate, they can improve the 
distribution of pyrolysis product. For instance, H-beta can increase the liquid and gas yield 
whilst TiO2 produces high yield of Isopropane which is gas-like product (Zeaiter et al., 2015). 
Joardder et al. (2014) found that the optimum liquid yields (50 wt% of the dry date seed as 
feedstock) can be achieved when size volume of reactor feedstock is about 0.2 cm3. In term 
of emissions, studies indicate that solar pyrolysis is environmentally safer than fossil fuel 
pyrolysis because it significantly reduces CO2 emission. Co2 is one of gaseous products of 
pyrolysis that can be used for further energy recovery and hence reduce fuel cost by 32.4% 
(Joardder et al. 2014). 
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6. Sludge drying process 
 
   As the huge production of sludge is a current global problem, dewatering or drying this 
sludge to reduce its volume may be the main problem in sludge disposal. Sewage sludge 
contains initially about 98% water which means only 2% dry mass. Water treatment processes 
such as settling, coagulation, flocculation and aerobic and anaerobic digestion result in sludge 
with approximately 75% water content. Drying processes aim to produce sludge with at least 
90% of dry mass (Flaga, 2005). Drying of sludge is considered the main challenge in sludge 
disposal process due to the complexity of chemical and physical composition of sludge (Flaga, 
2005; Jorand et al., 1995; Li & Ganczarczyk, 1990; Li, Ganczarczyk & Jenkins, 1986). Namely, 
municipality sludge from wastewater treatment facilities is widely complex and considered 
the most difficult sludge to dewater (Vaxelaire & Cézac, 2004; Neyens & Baeyens, 2003). Its 
dewater-ability is highly influenced by different parameters such as particles size, cationic 
salts, extracellular polymeric substances, conditioning, and filamentous bacteria (Mikkelsen 
& Keiding, 2002). Moreover, moisture distribution and the binding energy are also other 
parameter of dewatering the sludge. However, obtaining a significant dried sludge in a short 
time is impossible without using one of drying process (Flaga, 2005). This chapter is to give an 
overview about thermo-drying methods of sludge, challenges of thermal drying of sludge and 
a novel design for a solar drying unit. 
 
6.1 Overview of drying sludge 
 
   Huge production of sewage sludge is one of current environmental problem. Interestingly, 
water represents most of sludge volume therefore, drying process is highly required to obtain 
high dry solids (DS) concentration in sludge. Drying process of sludge passes mainly through 
three stages: thickening, dewatering and then drying. Thickening process can obtain 
approximately only 6% of total dry solid concentration while further dewatering can obtain 
32% of total dry solid concentration and the rest which is approximately 62% of total dry solid 
concentration can be achieved by thermal drying to get 90% of dry solid content in sludge 
(Figure, 57 & 58) (Flaga, 2005). Nowadays, mechanical dewatering and drying of sludge by 
centrifuges technologies, pressure belts or pressure filters may be not sufficient to meet both 
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the present high production and the new environmental regulations. Therefore, utilizing heat 
energy is presented as an optimal solution. Conductive and convective drying as well as 
combined drying are the most common techniques for relatively fast thermal drying.   
 
Figure 57: the total possible DS concentration which can be achieved by drying, dewatering, and thickening processes. (Flaga, 2005) 
 
 
Figure 58: water removal processes of sludge and their DS productivity and utilization. (Flaga, 2007) 
 
   However, drying of sludge aims to reduce the water content of sludge. Practically, this is 
much difficult because the water molecules within sludge have not the same behaviour during 
dewatering and drying process. This is because of their different properties in term of 
enthalpy, entropy, vapour pressure, density, and viscosity (Vesilind, 1994; Katsiris & Kouzeli-
Katsiri, 1987). Drying sludge is correlated with the type of water in sludge (Flaga, 2005).  
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   Water content of sludge can be divided into three main types based on its proximity to the 
solid during drying process: free water, free capillary water, and bound water which is 
intercellular water (adsorbed) or intracellular water (absorbed). Free water is not influenced 
by solid particles and the estimation of its amount in sludge depends on the method of 
measurement because it is considered as an operationally defined value (Lee & Hsu, 1995; 
Colin & Gazbar, 1995). Free water in activated sludge can be also defined as the water 
between pores that is subjected to gravity force and can be removed partially by thickening 
or gravity settling (Flaga, 2005) or totally by mechanical stress by applying moderate pressure 
(5×104 Pa) for 30 minutes (Smollen, 1986) or high pressure (over 28 MPa) (Lee, 1994). It 
includes void water that is not influenced by capillary force and water that non-associated 
with sludge solid particles (Vaxelaire & Cézac, 2004). Free capillary water or interstitial water 
that trapped inside interstitial spaces of particles due to adhesion and cohesion forces which 
can be removed by mechanical methods such as centrifugal forces (Flaga, 2005).  
   On the other hand and as a result of the presence of the solid, properties of bound water 
are modified and the estimation of its amount in sludge depends on the amount of free water 
because its amount is the complement of the whole water content (Vaxelaire & Cézac, 2004). 
Bound water can be defined as the water that remains in the sludge due to chemical bonding 
(flaga, 2005) and remains unfrozen below −20°C (Wu, Huang & Lee, 1998; Colin & Gazbar, 
1995) or the water that has binding energy surpasses 1 kJ kg−1 (Herwijn, 1996). Bound water 
includes half-bound water which is bound physically inside sludge’ flakes, hydration water, 
vicinal or surface water on the surface of solid particles (colloids) due to the surface tension 
on the border of phases, intercellular water due to the crystal lattice form of molecules of 
constant phase of sludge, biological intracellular water which is a part of living organisms cells 
that present in sludge (Flaga, 2005; Vaxelaire & Cézac, 2004; Vesilind & Hsu, 1997) as well as 
osmostic water, and trapped water within polymer network (Mikkelsen & Keiding, 2002). Due 
to chemical bonding, bound water can be partially removed by adding polymers and apply 
mechanical dewatering method. Polyelectrolytes are also used to remove chemical bonding 
in bound water because of their ability to change the surface tension. The only way to remove 
intracellular bound water is by breaking the sludge particle walls either by freezing, heating, 
or electroinduced forces (Flaga, 2007). 
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   However, different techniques are used to measure water distribution within sludge and 
hence best dewatering method such as vacuum drying (Kopp & Dichtl, 2001), dilatometric 
test (Wu, Huang & Lee, 1998), drying at atmospheric pressure (Chu & Lee, 1999), centrifugal 
settling test (Yen & Lee, 2001), expression test (Chu & Lee, 1999), filtration test (Lee, 1996), 
Differential Thermal Analysis (DTA) (Katsiris & Kouzeli-Katsiri, 1987), Differential Scanning 
Calorimetry (DSC) (Erdincler & Vesilind, 2000), Combined Thermal Gravimetry Analysis (TGA) 
and differential thermal analysis (TGA/DTA) (Chu & Lee, 1999), water vapour sorption 
(Vaxelaire, 2001), nuclear magnetic resonance (Carberry & Prestowitz, 1985). 
   Practically, the water distribution or bound water content within sludge is not the only 
factor influences sludge drying. Other parameters such as floc structure, particle size, layer 
thickness, and surface characteristics act simultaneously during the sludge solid-liquid 
separation (Mikkelsen & Keiding, 2002). Therefore, only few techniques already took place in 
commercial scale of sludge drying application. Modern thermal drying facilities can produce 
dried sludge granules of 1-4mm consist of 2-10% of water and less than 1% of dust (Flaga, 
2005). 
   In the same economic concept, achieving dried sludge with 90% of DS consumes energy and 
hence more costs. Energy consumption depends strongly on the water content of sludge and 
drying techniques. Although mechanical methods consume about 30 times lower energy than 
thermal methods (Kowalik P., 1998), their ability in water removal still limited up to 75% 
(Flaga, 2007). However, mechanical dewatering of sludge by mechanical techniques such as 
chamber press or belt press before drying can reduce energy consumption and costs.  Energy 
consumption during mechanical dewatering is estimated by 17-34 kWh/m3 of water removed 
from sludge, while approximately 850 kWh/m3 of water removed is required during thermal 
drying at 300 °C (Kowalik, 1998). The optimal water content of sludge before drying process 
should not exceed 65% but it is still acceptable until 88% (Flaga, 2005). According to Flaga 
(2005), when the initial water content of sludge is 75%, then 100 litter of fuel oil is required 
to evaporate 1 ton of water. In other words, to obtain one ton of dried sludge with 35% DS, 
then approximately 120 litter of fuel oil or 30kWh of electric energy is required if the initial 
water content of sludge is 75%. For thermal utilization purposes such as pyrolysis (Figure 59), 
the water content of sludge should be less than 10%, therefore, the energy required to obtain 
one ton of dried sludge with 95% DS is approximately 300 litter of fuel oil or 50kWh of electric 
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energy. The cost will drop about 50% if biogas from sewage treatment plant is available for 
use. Moreover, heat recovery from products of thermochemical reaction such as biogas or 
bio-char can diminish the amounts of energy consumption for drying. However, different 
technical solutions have been offered to obtain completely dried sludge. These solutions vary 
in term of type of dryer, characteristic of sludge, technique of heat recovery, delivery method 
of heating factors such as gases and steam. 
 
Figure 59: sludge thermal utilization methods. (Flaga, 2007) 
 
   Moisture content of sludge influences also the nett surplus energy value of thermochemical 
reactions. High water content of sludge may result in false low calorific values and hence 
prevents autothermal reaction of sludge without additional auxiliary fuel. The maximum value 
of water content to achieve auto-thermochemical reaction is 50% (Flaga, 2007). The energy 
balance of thermal treatment of sludge shows that more than 50% of obtained energy is 
already consumed to achieve dried sludge with 45% DS and the rest of obtained energy is 
partially lost as heat losses at the drying installation as well as drying air enthalpy at the drier 
outlet (Flaga, 2007; Kowalik P., 1998). 
   Apart from that, drying sludge before thermochemical treatment is important in term of 
odours. According to Flaga (2007), sludge with water content >15% causes odours spreading. 
   Drying curves are considered as a graphical representation of phases that the sludge passes 
by during the drying process. Operating conditions as well as method of drying affect the 
number of these phases that change from one type of sludge to another (Bennamoun et al 
2013; Bennamoun, Belhamri & Mohamed, 2009). Drying curves are typically used to illustrate 
the relation between the moisture content of the sludge (Kg/Kg) and drying time (h) (Figure 
60a & 60b) or to plot the drying rate (Kg/h m2) versus drying time (h) (Figure 61a) or moisture 
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content (Kg/Kg) (Figure 61b). Drying curves is also known as Krischer’s curve (Kemp et al., 
2001). These curves give information about the variation of sludge behaviour during drying 
(Bennamoun, Arlabosse & Léonard, 2013). Different stages of drying can be seen in the drying 
curves: transient early stage (transient period) which occurs during the heating up of the 
sludge; constant rate period in which free water of sludge is removed; finally, falling rate 
period, in which bound water within the solid matrix is removed. These curves also 
demonstrate the critical moisture content at the changing point of drying period from a 
constant rate to a falling rate. Practically, the unit (kg s−1 m−2) is widely used during the 
graphical representation to describe the evaporated flow per product surface (Bennamoun, 
Crine & Léonard, 2013; Deng et al., 2011) 
 
Figure 60: Typical drying curves: (a) with a lag period, and, (b) without a lag period. (Wah, 2015) 
 
Figure 61: Typical drying rate curves, drying rate versus: (a) drying time, (b) water content. (Wah, 2015) 
 
 
6.1.1 Thermal drying of sludge 
 
   Thermal drying of sludge is the most preferable drying technique due to many reasons. It is 
the only way to remove biologically and chemically intercellular bound water from the sludge 
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and hence the only way to obtain 90% or higher of dry solid concentration (Flaga, 2005). 
Removing biologically bound water means also hygienic sludge clear of pathogenic organisms 
which makes it usable for fertilization and soil conditioning of high market value. Moreover, 
thermal drying of sludge improves sludge structure and increases its calorific value for further 
use and for further thermal treatment without additional heat energy or fuel (Arlabosse et al., 
2012). 
   Practically, there are three methods are widely applied in thermal drying: conductive drying 
(indirect dryers), convective drying (direct dryers), and solar drying. Combination of these 
methods are also common in hybrid or combined dryers (Figure 62). However, each method 
has different features. For example, three phases can be distinguished during convective 
drying: readjustment phase, phase of fixed drying rate and phase of falling or descending 
drying rate. Drying kinetic of convective drying is affected by several parameters such as 
operating conditions and the nature of sludge or its origin. Three phenomena can be observed 
during convective drying: skin formation, shrinkage, and cracks phenomenon (Bennamoun, 
Arlabosse & Léonard, 2013). During conductive drying, sludge passes through three phases as 
well: pasty or sticky phase, rugged or lumpy phase and finally granular phase. First phase is 
given a special focus due its negative impacts on both drying process performance and dryer 
itself. Present solar drying occurs by exposing the sludge to sun rays. Therefore, the solar 
drying productivity of dried sludge depends entirely on climatic conditions such as air 
temperature and solar radiation which are the main factors in this process. However, only 
limited studies about solar drying are available and almost none of them has used 
concentrated solar energy for sludge drying purposes (Bennamoun, Arlabosse & Léonard, 
2013). Finally, drying by super-heated steam and fry drying are other methods have been 
used for sludge drying. 
 
Figure 62: Classification of sludge thermal dryers based on heating method. (Arlabosse et al., 2012) 
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   Thermal drying is essentially a kind of mass and heat exchange between sludge and air. Heat 
exchange which can be achieved by one of methods mentioned above (conduction, 
convection, and radiation) motivates diffusion. Diffusion results in moving the moisture mass 
from higher concentration area to lower concentration area by evaporation from the surface 
of sludge to the air during the connection with the heated factor. Evaporation rate differs 
depending on the sludge properties, thickness as well as the contact area between dried 
material and drying medium. However, evaporation rate in the first phase of drying is highest 
because the water content of sludge is greatest and then it stables steady for a while before 
it diminishes. Wider contact area makes drying process shorter by increasing the moisture 
evaporation rate. Granulation is one of common methods to expand the contact area 
between sludge and drying medium at economic level. 
   Drying process of sludge passes through three phases. A very short preliminary drying phase 
where the temperature of sludge is rising up to a certain and constant value. Follow that 
essential drying phase which is the longest phase because the water evaporates with a 
constant speed regardless the type of sludge. The evaporation occurs from the surface of the 
sludge particles that have been totally covered with water. This water is gradually replaced 
by internal water from inside of sludge particles. During this phase, the temperature of sludge 
remains constant at about 85°C. The great difference between the water amount on the 
surface of particles and the water amount inside particles (not bonded water) results in longer 
time of this phase.  When the difference diminishes and the moister content of sludge reaches 
critical value, the temperature of sludge begins increase as starting point of final phase of 
drying. In this phase, evaporation from particles surface becomes faster than water 
replacement from inside of the particles.  Evaporation rate then decreases until balanced 
hydration is achieved. Balanced hydration depends on air humidity and drying temperature. 
From economic perspective, drying process should be fast to meet huge production and huge 
demand on dried sludge as well. The speed of drying process depends on: moisture content 
of sludge, drying temperature, air humidity, contact area which includes the thickness of 
sludge layer, mixing process of sludge during drying, time of retention in dryer, drying rate, 
the contact method between sludge and the heating factor.  
   In addition to that, the physical status of sludge is also important parameter in drying 
process. While drying process of sludge is progressing, three physical phases can be observed: 
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wet phase, sticky phase and granular phase respectively (Li et al., 2014). In wet phase, sludge 
is flow-able and easily spreads onto surfaces especially those in indirect dryers. After that, 
when moisture content reduces with evaporation, sludge becomes like plastic and forms a 
skin layer on the exposed contact surfaces. This is known as sticky phase of sludge, wherein 
the drying ratio of sludge drops (Peeters et al., 2013; Kudra, 2003). After adhesion and 
cohesion of sludge bulks reaches the peak, high drying results in almost disappearance of the 
contact between sludge components and heating surfaces, therefore, sludge peels from 
contact surfaces and then fritters into small pieces similar to granules. 
   In the same concept of thermal drying, there are several studies investigated the impact of 
fry drying on sludge. Silva et al. (2005) reported the first experiment of fry drying of sludge by 
using used and fresh oil separately to fry cylindrical pieces of sludge (12 mm radius and 40 
mm height) at temperature ranges from 180-215°C in a 5L normal fry pan. They achieved 
dried sludge with ≤5% moisture content after 10 minutes frying time at 180°C. They found 
also that the heating value of sludge improves more with longer frying time as a result of oil 
incorporation and lower moisture content (Tunçal, Jangam & Güneş, 2011). Ayol & Durak 
(2013) found that using fry drying technology by using waste engine oil to fry circular cakes of 
sludge with diameter ranges from 1-3 cm for 2-20 minutes in temperature ranges from 100-
180°C can be an efficiently fast alternative process for drying municipal sludge. Different 
studies have been launched in this field to investigate the impact of fry drying technique by 
using different types of sludge, different oils, different frying temperature, and different 
frying processes which resulted in positive impact of fry drying of sludge. (Peregrina et al., 
2006; Romdhana et al., 2009; Ohm et al., 2009; Park, Lim & Lee, 2010; Ohm et al., 2010). 
Interestingly, mixing raw sludge with a substantial amount of fat or oil before drying process 
in indirect dryers may give positive results in “sludge flakes” production. This theory will be 
investigated in this study.  
   However, thermal drying by present techniques is not cheap as well as not sustainable due 
to its high energy demand which depends mainly on fossil fuel. Global trend toward 
sustainable sources nominates the sun to play important role in the next generation of 
thermal drying and disposal of sludge. Feasibility of involving concentrated solar energy to 
achieve thermal drying of sludge by conduction and convection with a little frying to produce 
“sludge flakes” will be investigated in this study as well.  
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6.2 Challenges of drying sludge 
 
   Different studies have been involved to investigate some phenomena during thermal drying 
of sludge such as cracks (Léonard et al., 2002), crust phenomenon (Vaxelaire et al., 2000), 
shrinkage phenomenon, and sticky phase (Peeters et al., 2013). Classical drying curve shows 
some of these phenomena through describing the development of the evaporation flux 
versus the average moisture content of sludge. As shown in (Figure 63), four phases can be 
seen during drying process. First phase appears after a short period of heating and increasing 
the temperature of sludge. The second when the temperature of sludge reaches a constant 
rate where free water evaporates at the surface of sludge. The third phase is known as a 
period of falling rate where drying boundary is progressing. Above this boundary only bound 
water is found whilst below it only free water that is removed as vapour. Drying boundary 
affects negatively heat and mass transfer resistance. Resistance increases during the 
progressing of drying boundary into the sludge and thus decreases the evaporation flux. 
Fourth phase is a second period of falling rate occurs in activated sludge and other 
hygroscopic materials because of slow evaporation of bound water (Vaxelaire & Cézac, 2004). 
 
Figure 63: Classical drying curve. (Vaxelaire & Cézac, 2004) 
Where:    WC1: water content of sludge at 1st transition point. (kgH2O kgDS−1). 
                 WC2: water content of sludge at 2nd transition point. (kgH2O kgDS−1). 
                 Weq: water content at the thermodynamic equilibrium. (kgH2O kgDS−1). 
 
   First transition point (WC1) is the point of transition from a period during drying process that 
is controlled by external variables (such as temperature, air velocity, and relative humidity) 
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to a period controlled by the transfer properties of the sludge (Vaxelaire & Cézac, 2004). The 
equilibrium moisture content (Weq) demonstrates the moisture content of sludge at the 
thermodynamic equilibrium by identifying the intracellular or internal water. Combination of 
operational conditions such as air humidity and temperature with the development of sludge’ 
equilibrium moisture content is known as sorption isotherms (Vaxelaire, 2001). In activated 
sludge, sample size, sample mass, sample thickness and transfer surface area of the sample 
affect the evaporation flux (g water s−1 m−2). It can be noticed that during the drying process, 
the size of a sample of activated sludge widely decreases and thus the transfer surface area 
decreases as well due to the shrinkage phenomenon. However, thick layer of sludge can be 
used to limit this phenomenon (Vaxelaire & Cézac, 2004). 
   In early attempt to measure the binding energy correlating with drying process of sludge, it 
is found that it is affected by the amount required of residual moisture content. For example, 
adsorpted water such as hydrogen bonding or solvatation, and physiochemical adsorption 
can be removed by 170 kJ kg−1 whilst chemically attached water by molecular bonding 
requires about 280 kJ kg−1 to be removed (Vaxelaire & Cézac, 2004). 
 
6.2.1 Sticky phase 
 
   Sticky phase of sludge is a negative phenomenon occurs during drying process. This 
phenomenon results in higher torque requirements in drying machines such as sludge paddle 
dryers (Komline-Sanderson, 2008; Arlabosse, Chavez, & Lecomte, 2004) and decanter 
centrifuges (Peeters et al., 2013; Peeters et al., 2012) which consumes more energy, reduces 
significantly dryer capacity, decreases the dryer efficiency and then high potentially that 
sludge build-up on equipment surfaces results in breakdown or damaging of dryer (Peeters, 
Dewil & Smets, 2012; Peeters, 2010).  
   Sticky phase is a kind of changing the consistence of sludge from liquid phase to sticky 
rubbery phase similar to a paste form that literally glues and clings to dryer walls and surfaces 
when it is partially dried. Partially dried means that the sticky phase occurs in a specific 
dryness region but its exact location depends on the sludge characteristics. The range of DS 
content of sludge where sticky phase characters appear differs based on both sludge organic 
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content such as polysaccharides and proteins (Li et al., 2014) and dryness of sludge (Figure 
64). More organic content of sludge means appearance of sticky phase in earlier stage of 
drying due to the formation of “biopolymer matrix” as a combination of biopolymers and 
microorganisms in the sludge (Kudra, 2003); Peeters, Dewil & Smets, 2014). However, this 
sticky phase occurs for municipal sludge during drying at stage when its dry solid content (DS) 
becomes more than 25% up to 65% (Peeters, Dewil & Smets, 2014; Li et al., 2014) and for 
normal municipal sludge from 44% up to 65% (Flaga, 2007). Li et al., (2014) stated that there 
are two stages of stickiness: adhesion and cohesion and they significantly arise in the sludge 
at temperature of 120°C when its water content ranges from 30-60%. Raising up the heating 
temperature only results in a small movement to the location of sticky range. 
 
Figure 64: Physical consistency of sludge during drying. (Peeters, Dewil & Smets, 2014) 
 
   Different methods can be used to cope with this issue or to mitigate it. Right now, there are 
three control strategies have been practically used in sludge drying plants (Peeters, Dewil & 
Smets, 2014). One of them targets the formation of biopolymer matrix during drying whilst 
the other two strategies targets the dry solid contents (%DS) of sludge at the entrance of dryer 
by either decreasing or increasing its percentage. As shown in (Figure 65), the first method 
depends on increasing the %DS in sludge by back-mixing of totally dried (≥90% DS) sludge 
with mechanically dewatered raw sludge before thermal drying process in dryer (Strand & 
Alsaker, 2009; Léonard et al., 2008). This well-established technique increases the DS content 
in the blended sludge beyond the sticky phase to form a crumbly mixture of sludge easier to 
handle in the drier. Practically, to avoid sticky phase, dewatered sludge with 20-35% DS is 
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mixed with previously dried sludge with 90-95% DS to get sludge with 65-75% DS at the dryer 
entrance (Flaga, 2005). 
   Second method aims to postpone the timing and place of sticky phase during thermal drying 
of sludge in flash dryer by reducing its %DS after mechanical dewatering and at the beginning 
stage of thermal drying process (Peeters, Dewil & Smets, 2012; Peeters, 2010). Therefore, 
combined of flash-drying and mechanical dewatering systems are involved in this technique. 
As a result, sticky phase of sludge appears at less critical places causing no operational 
problems in the dryer.  
   The third method based on using chemical additives into the raw sludge feed stream of 
dryer before drying such as polyaluminium chloride (PACl) (Peeters et al., 2013) and lime (Li, 
Zou & Li, 2012). These additives can completely eliminate or at least mitigate the stickiness of 
sludge (Peeters et al., 2013; Peeters et al., 2012; Li, Zou & Li, 2012). Practically in Monsanto 
wastewater treatment plant in Antwerp that uses a combined centrifuge dryer system, adding 
about 20 L of PACl are sufficient to address sticky phase in a volumetric flow rate of seven m³ 
of raw sludge (Peeters, Dewil & Smets, 2014). In this technique, PACl super aluminium 
structures associate with the bound hydration water that acts as a lubrication or aquaplaning 
and then directs sticky biopolymers to the non-sticky dryness range (Peeters et al., 2013). 
 
Figure 65: strategies to practically overcome sticky phase issue during sludge drying. (Peeters, Dewil & Smets, 2014) 
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6.2.2 Vapours removal 
 
   In present technologies, vapours that are produced as a result of drying process should 
undergo further treatment rather than direct release to the atmosphere. These vapours may 
contain dry solid particles that should be separated by bag filters or de-dusting cyclone-type 
devices. Moreover, heat content of these vapours can be recovered rather than causing extra 
heat for ambient. Direct vapour condensation systems such as spray devices or indirect 
coolants such as membrane heat exchangers can be used to cool and condense these vapours. 
After condensation, dry air should be deodorized by using fire method or biological filters 
while condensate water should be sent to wastewater treatment plant (Flaga, 2005). 
 
6.2.3 Sludge storage 
 
   Dried sludge requires specific storage systems because it has a high possibility of rewetting 
(Arlabosse et al. 2011). These systems should be appropriate for adjustment of the quality of 
sludge, preventing sludge getting dump by adsorbing the moist again, as well as preventing 
self-ignition. Therefore, totally isolated systems are required to storage dry sludge. Practically, 
dried sludge is stored in isolated silos with a cover of inert gas such as gaseous nitrogen (Flaga, 
2005). 
 
6.3 Present thermal techniques for drying sludge 
 
   Dewatering of sludge is very important step before thermal drying. Dewatering process 
reduces the initial free water content of sludge. Mechanical techniques such as compression, 
filtration, or centrifugation are the most common used dewatering methods (Bennamoun, 
Arlabosse & Léonard, 2013). The electro-osmotic dewatering by applying dense electrical 
current or high electrical voltage was presented as an alternative dewatering method by 
(Mahmoud et al., 2010; Citeau et al., 2012; Tuan, Mika & Pirjo, 2012). However, more efficient 
dewatering process results in shorter drying time, less energy consumption and hence lower 
drying cost. 
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   Dried sludge is obtained in current thermal drying technologies by subjecting sludge 
continuously for heating source under temperature ranges from 140-450 °C. The resident 
time of sludge in dryer, which may extend at least to 30 minutes, depends on the drying 
method and drying temperature. The classification of drying methods is based on the heat 
supplying method to the sludge. However, there are four groups of dryers (Flaga, 2005): 
convective dryers, contact dryers, mixed of convection-conduction dryers, and infrared dryers. 
Solar dryers can be also considered as a group of dryers (Bennamoun, 2012). In convective 
dryers, sludge is subjected for a direct contact with hot medium such as hot air. Pneumatic or 
flash dryers, fluidized bed dryers, and drum or rotary dryers represent such kind of dryers 
while “tray and layer” concept such as paddle dryers, disc dryers, hollow flight dryers, and 
multi-shelf dryers represents contact dryer where a conductive surface separates the heating 
factor and the sludge which has a direct contact with the hot surface. High frequency currents 
or infrared radiation are used in infrared dryers. Practically, fluidized and drum dryers are 
more efficient when they are used for granulated sludge (Urbaniak & Hillebrand, 2004). In 
comparison to direct dryers (convective dryers), indirect dryers (conductive dryers) are safer 
in term of pollution by volatile compounds, dust production, and gas emissions and high risk 
of dust explosions. They are also cheaper in term of capital cost of the drying facility due to 
the necessity for expensive equipment for deodorization, air protection, and dried sludge 
recirculation in convective dryers. In opposite, indirect dryers are less efficient from economic 
perspective due to their long retention time of sludge and their limited drying efficiency (Flaga, 
2005). 
   However, the basic concept of convective, conductive, and solar dryers that have currently 
used in industrial scale are represented in (Figures 66), (Figures 67), and (Figures 68) 
respectively. Nevertheless, as mentioned before, drying methods can be combined to 
produce hybrid or combined dryers. Following is a brief about these three main methods and 
their present applications: 
 
6.3.1 Convective drying 
 
   The sludge is subjected to a direct contact with heating medium which is usually hot air or 
steam. The heating medium goes through the sludge to heat up the water content into the 
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sludge and then causes water evaporation. Convective heating can be applied directly, 
indirectly via heat exchangers as well as a combination of directly and indirectly (Arlabosse et 
al., 2011). For industrial scale, biogas, biomass, solid waste (through incineration), and fossil 
fuel are the main source of heat. Electricity resistances can be used as a source of heat in 
small semi industrial convective dryers (Léonard et al., 2008). The efficiency of convective 
dryers depends on the contact surface between the sludge and the heating medium. 
Practically, granulation and extrusion are the common methods that are used to maximize 
the area of the contact surface and hence increase the evaporation rate. Shrinkage and crakes 
are the most common phenomenon of this method. Figure (66) shows examples of the most 
used convective dryers on industrial scale: (a) belt dryer, (b) flash dryer, (c) fluidized bed dryer, 
and (d) rotary dryer. 
   Despite they change based on the dryer type, the specific energy (Cp) consumption of 
convective dryers varies from (700 - 1400) kW.h per one ton of evaporated water and the 
specific drying rate varies from (0.2  to 30) kg.m−2.h−1 for a flash dryer and a belt dryer 
respectively (Arlabosse et al., 2011). 
 
Figure 66: Examples of convective heating dryers of sludge industrially (types of convective dryers). (Bennamoun, Arlabosse & Léonard, 
2013) 
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6.3.2 Conductive drying 
 
   In conductive drying the sludge is heated indirectly because there is a surface separates the 
sludge and heating medium. The surface of dryer is heated up first and then this surface 
transfers the heat to the sludge.  Fossil fuel, biomass, biogas, and solid waste (through 
incineration) are used to heat up saturated steam at (0.85 MPa) or thermal oil which are used 
generally as heating fluid. Figure (67) shows the three main types of conductive dryers: (a) 
disc dryers, (b) paddle dryers, and (c) thin film dryers (Bennamoun, Arlabosse & Léonard, 2013; 
Yan et al., 2009).  
   All conductive dryers use the rotor design which is decisive for sludge conveying 
(Bennamoun, Arlabosse & Léonard, 2013).  Rotary design helps also to renew the contact 
between the sludge and the heated walls of dryer. This contact maintains the heat transfer 
coefficient at the highest level between heated walls of dryer and the sludge. As mentioned 
before, the sludge during conductive drying passes through three distinguishable phases: 
pasty, lumpy and granular phase, respectively. These phases results in variations of the torque 
of dryer.  Sticky phase is the most challenging phenomena of conductive drying method (Deng 
et al., 2009; Kudra, 2003; Ferrasse, Arlabosse & Lecomte, 2002). 
   Operating conditions such as stirrer speed, air temperature, vacuum rate (in partial vacuum 
drying) as well as the initial input mass of the sludge and the distance between heated walls 
of dryer and the agitator influence the rate of evaporated water (Yan et al., 2009; Ferrasse, 
Arlabosse & Lecomte, 2002) . 
   Differently from convective drying, conductive drying has many advantages such as odour 
and steam confinement, no pollution due to the absence of heat carrying medium and hence 
reduction of explosion or fire risks, and Low concentration of volatile organic compound 
(VOC).  
   The specific energy (Cp) consumption per ton of evaporated water in conductive dryers 
varies from (800 to 955 kW.h) to give higher specific drying rate than convective dryers which 
varies from (7 to 35 kg.m−2.h−1) (Arlabosse et al., 2011). 
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Figure 67: Methods of conductive heating of sludge industrially (types of conductive dryers). (Bennamoun, Arlabosse & Léonard, 2013) 
            
 
6.3.3 Solar drying 
 
   Current solar drying units are able to reduce the moisture content of sludge up to a range 
typically between 20–30% and can serve as an alternative to thermal drying units for medium-
size WWTP (up to 50,000 population equivalent) (Tunçal & Uslu, 2014). These units can be 
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classified into three main types: closed greenhouses, open greenhouses, and solar dryers 
integrated with a heated floor. 
   The most modern solar dryers use the greenhouse concept combined with a heated floor. 
They performed in closed or open greenhouse tunnels. In these dryers, the sludge is located 
in deep bed (40 to 80 cm height) inside a quartz or transparent dome. Solar radiations are 
used to heat the surface of dome. For more efficiency, solar harvesters can be used to 
concentrate the solar radiations on the dome. The vapour and humidified air are evacuated 
from inside the dome by ventilation. The sludge need to continuous spread, aerate, turn and 
convey to avoid crust formation (Bennamoun, 2012).  Special sludge-mixing systems are used 
to mix fresh sludge with partially dried sludge and to spread it, turn it, and aerate it (Tunçal & 
Uslu, 2014). Other solutions such as using heat pump to inject hot fluid underneath the floor 
are utilised to maximize the heat and mass transfer. Figure (68) illustrates a modified design 
of solar dryer (Bennamoun, 2012) that used in Turkey for sludge solar drying (Salihoglu, Pinarli 
& Salihoglu, 2007). 
   Solar drying has a specific character because it entirely depends on the changes of climatic 
conditions particularly solar radiations, weather temperature and humidity, and the air 
velocity (Bennamoun, 2012; Roux et al., 2010; Slim, Zoughaib & Clodic, 2008; Seginer & Bux, 
2006; Seginer & Bux, 2005). Therefore, the highest drying rate and shortest drying time can 
be obtained in summer where the favourable climatic conditions is available. Winter and night 
affect negatively the solar drying.  
   Most available studies in this field focus on the comparison between covered and open solar 
dryers, pathogen and odour reduction as well as the impact of the humidity and the 
temperature of both the sludge and the heated air (Salihoglu, Pinarli & Salihoglu, 2007; 
Mathioudakis et al., 2009; Zhao et al., 2009). 
   However, in the most favourable climate conditions, studies indicate that to evaporate a 
ton of water by this process, (30 to 200) kW h is needed. This energy will increase to 1000 kW 
h if chemical deodorization is applied (Arlabosse et al., 2011).  Moreover, the partial drying of 
sludge (range from 48-80% of dry solids content) is not applied due to the unfavourable 
physical properties of sludge such as sticky phase. The most convenient drying is when the 
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dry solids content ranges from 80-97%. This research is to present a solar drying unit that 
likely to achieve this percent of DS in a short time and relatively low energy. 
 
Figure 68: one of developed techniques in solar drying of sludge (developed solar dryer). (Bennamoun, 2012) 
 
6.3.4 Present drying equipment  
 
   Different types of dryer are used in sludge drying industry (Chen, Lock Yue & Mujumdar, 
2002; Bennamoun, Arlabosse & Léonard, 2013). Generally, they apply the same principles of 
drying - mentioned above - with some differences in the movement of the drying solids and 
the drying air in continuous dryers and some differences with lodging time in batch dryers. 
However, for calculation purposes, the fundamental principles of heat and mass balances are 
the same. Present drying equipment (Figure 69) include Tray dryers, Tunnel dryers, Roller or 
Drum dryers, Fluidized Bed dryers, Spray dryers, Pneumatic dryers, Rotary dryers, Trough 
dryers, Bin dryers, Belt dryers, Vacuum dryers. Tray dryers where the sludge is thinly spread 
out on fixed trays and heated up by air current, conduction from the tray itself or by radiation. 
Tunnel dryers is a hot tunnel or compartment where the sludge is spread out on a movable 
trays that are heated up by passing through this tunnel. Roller (Drum) dryers can be regarded 
conduction dryers because the sludge is spread over the surface of a hot rotating drum. The 
sludge remains on the drum surface until it is scraped off. During rotation the drying takes 
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place. Fluidized bed dryers are mostly convective dryers because they use hot upward-flowing 
air current to heat up the suspended sludge against gravity. Spray dryers have a large body 
(can reach to 10 m diameter and 20 m high). However, drying by spray dryers are rapid 
because they are used for liquid or fine solids in slurry. In these dryers, hot air current moves 
counter-flow or in parallel of solids that are sprayed as a fine droplet dispersion into its stream. 
When particles become dry, they can settle without sticking or even touching the dryer walls 
because of its large body.  
   Pneumatic dryers use the balance between velocity of particles and turbulence of air stream 
for drying. In these dryers, the sludge passes rapidly through a hot air stream until it reaches 
the balance point. At this point, sludge becomes suspended until it is totally dried. Practically, 
classifying devices are used to separate dry materials. A rotating or fixed horizontal inclined 
cylinder is used in rotary dryers where sludge is contained and heated in it by hot air flow 
through it or by conduction from its hot walls. If dryer is stationary, a screw or paddles are 
used to stir and convey the sludge through the cylinder. In bin dryers, hot air is blown 
vertically upwards into a perforated bin from the bottom. The air passes through the sludge 
which is contained in this bin and so drying it.  
   In trough dryers, a hot air current is blown through a conveyor belt made from mesh and 
shaped like a trough. Because of the continuous movement of the conveyor, the sludge is 
continually turned over and hence fresh surfaces are exposed to the hot air until total dry. 
Belt dryers use the same concept of trough dryers but they use often a horizontal straight 
solid belt. The sludge is spread as thin layers on the belt and hot air is blown over it. Like 
trough dryers, the belt is moving but in some designs it is stationary and the sludge is 
transported by scrapers. 
   Two types of vacuum dryers are used; batch vacuum dryers and roller vacuum dryers. Batch 
vacuum dryers are basically similar to tray dryers except they run under a vacuum and they 
heated by conduction or radiation. In these dryers, vacuum pumps that installed in a large 
cabinet deal only with non-condensable gases because the production of water vapour is 
generally condensed. The design of roller vacuum dryers is similar to roller dryers but consists 
of an evacuated chamber. 
Sohaib Hasan 1279857                                                                                                                                136 
 
Figure 69: some types of widely used dryers. (nzifst.org.nz) 
 
 
6.4 Calculation of drying theory 
 
   The high moisture content of sludge prevents any direct use of it in thermochemical 
processes such as pyrolysis which requires moisture content <10 wt%. Although dewatering 
sludge mechanically is able to remove its free water content, sludge still requires drying.  
Drying implies the removal of moisture content of sludge mainly its bond water. Drying is 
usually accomplished by evaporation of water content which achieved by supplying the 
sludge with the latent heat of vaporization. Therefore, designing of drying unit must take in 
consideration two main process-controlling factors; providing the sludge with the necessary 
latent heat of vaporization which includes heat source and heat transfer method, and disposal 
of water vapour to improve the separation process efficiency. Drying processes are included 
into three major groups; contact drying, vacuum drying, and freeze drying. In contact drying, 
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the sample is heated directly by heated surface or heated medium (air) under atmospheric 
pressure. The water vapour finds its way away from dryer with heated air. Vacuum drying 
works to reduce the pressure in the dryer by vacuum which increase vaporization of water. 
The sample can be heated only by conduction or radiation. Sublimation is the main concept 
in freeze drying where the water vapour (under suitable pressures and temperatures) is 
sublimed off frozen sample.  
   This study aims to design a solar dryers that involves the first two techniques; direct and 
indirect heating to achieve optimal dry sludge. Industrially, freeze drying is not used for sludge 
drying, therefore, it is out of this study scope. 
   Achieving optimal design of dryer requires basic acknowledge of drying theory or behaviour 
of water under temperature and pressure. The state of pure water at any time, in general, is 
either liquid, solid or vapour. This state depends on two variables; temperature and pressure 
(Figure 70). Phase diagram for water gives the state of the water under these variables. 
 
Figure 70: phase diagram for water (Earle & Earle, 2004) 
 
Figure 71: State of water during (a) heating under fixed pressure, (B) reducing pressure under fixed temperature. (Earle & Earle, 2004) 
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   Red lines in the diagram indicates to the possibility of the two states exist side by side. At 
0.0098oC and 0.60 kPa (point A on the diagram), all three stats of water can be found together. 
Heating water under a constant pressure will change its conditions horizontally across the 
diagram and boundaries and hence its state (Figure 71a). The same will occur for the water 
state if pressure is reduced under a constant temperature (Figure 71b). 
   The line AE in Figure (70) which is known as the vapour pressure/temperature curve 
represents the conditions of liquid and water vapour coexist in equilibrium. The vapour 
pressure in turn indicates to the tendency of water molecules to escape in gaseous form from 
the liquid. The vapour pressure/temperature curve for water can be enlarged as shown in 
Figure (72). Boiling occurs when the water molecules get energy enough to overcome the 
total water surface pressure or in different words when the vapour pressure of the water 
caused by water molecules is equal to the pressure on the water surface caused by 
atmospheric or ambient pressure. In normal atmospheric pressure, the boiling point is 100oC. 
Any change in atmospheric pressures up or down requires corresponding change in water 
boiling temperatures above or below 100oC respectively. 
 
Figure 72: Enlargement of The vapour pressure/temperature curve (Earle & Earle, 2004) 
 
6.4.1 Heat energy required for vaporization 
 
   The heat energy must be supplied to the sludge to vaporize its water content. The quantity 
of energy required to vaporize a unit of liquid water is known by the latent heat of 
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vaporization. It is measured by KJ energy per Kg water (KJ/Kg). The heat energy required can 
be easily calculated by using values of the latent heat of vaporization of water illustrated in 
Table (8) below. However, at atmospheric pressure and 100oC, the latent heat of vaporization 




Table 8: values of the latent heat of vaporization of water, (Steam table of saturated steam). (Keenan et al., 1969) 
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   In sludge drying systems, steam is practically used as a heat source to heat air or surfaces 
that are used for drying. Steam gives up, by condensation, its latent heat of vaporization to 
the sludge to convert its moisture content to vapour. However, the latent heat of vaporization 
is affected by pressure wherein lower surface pressure results in slightly higher latent heat of 
vaporization (Table 9). Therefore, one unit of steam is practically not enough to evaporate 
one unit of sludge moisture content due to the difference in surface pressure and transferring 
losses (Earle & Earle, 2004). 
 
Table 9: the latent heat & saturation temperature of water (Singh, 2014) 
 
This formula below is used to calculate the energy required for drying, 
Heat energy required to dry raw sludge (Q) 
Q = heat energy to raise its temperature to 100oC+ latent heat to remove (evaporate) water 
      = ΔT oC * specific heat capacity of sludge (kJkg-1oC-1) * mass of sludge (Kg) + moisture 
content of sludge %wt (Kgwater/Kgsludge)* mass of sludge (Kg)* the latent heat of vaporization 
of water at 100oC (kJkg-1water). 
=     +    %  ×   ∆  
 
Q = heat energy (Joules, KJ) 
m = mass of the sludge (kg) 
c = specific heat (KJ/kg∙K) 
∆T = change in temperature (Kelvins, K) 
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∆Hvap = the latent heat of vaporization of water at 100oC (kJ/kgwater) 
 
 
6.4.2 Rates of heat transfer during drying 
 
   The amount of heat energy that can be transferred to the water content of sludge to provide 
it with latent heat of vaporisation determine the rates of drying. Heat transfer can be 
accompanied with mass transfer (water vapour) under some circumstances which limits the 
determination of drying rates (Earle & Earle, 2004). Determining the heat transfer mechanism; 
conduction, convection, and radiation in drying process is important because very often one 
method of them predominates and likely governs the overall process. For instance, air drying 
and roller dryer. The rate of heat transfer from gas to liquid by using air drying is given by this 
formula: 
=    ( −   ) 
 
 
q = the heat transfer rate (J/s) or (Watt) 
hs = the surface heat transfer coefficient (Jm-2 s-1oC-1) 
A = the area of heat flow (m2) 
Ta = the air temperature (oC) 
Ts = the temperature of sludge surface which is drying (oC). 
 
   For roller dryer, the area of heat flow is bigger because the sludge is spread over the dryer 
surface (rotating heated drum). The heat transfers from the drum to the sludge by conduction. 
The heat transfer formula is 
=    ( −   )  
 
U = the overall heat-transfer coefficient 
Td = the drum surface temperature (close to the steam temperature) 
Ts = the surface temperature of the sludge (close or slightly above the boiling point of water) 
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A = the area of real drying surface. 
 
   Practically, the conductivity of the sludge layer and of the drum material are used to 
estimate the value of U. Based on the quality of conduction conditions, values of U vary from 
60 (Jm-2 s-1 oC-1) to as maximum as 1800 (Jm-2 s-1oC-1) (Earle & Earle, 2004). 
   However, if heat is transferred by radiation, the temperature of sludge surface likely to be 
higher than the ambient air temperature. 
   After a while as drying proceeds, the surface layers become dry. These layers take place as 
heat conductors to lower layers. Because of their poor conductivity, drying process 
progressively becomes slower.  
 
6.4.3 Efficiency of dryer 
 
   Efficiency of dryer is used as a description for its performance. Dryer efficiency is basically 
the ratio of the minimum quantity of energy needed to the quantity of energy that actually 
consumed. The minimum quantity of heat energy required to remove water from the sludge 
is that required to supply its water content with the latent heat of vaporisation. For dryers 
that use air drying, the heat balance over the air can be used to measure their efficiency by 
assuming the dryer as an isothermal (adiabatic) system. The efficiency can be given as: 




 = dryer efficiency 
T1 = the temperature of inlet air into dryer 
T2 = the temperature of outlet air from dryer 
Ta = the ambient air temperature 
 
   Despite practically two or more of drying mechanisms may be involved in the dryer to 
increase the drying efficiency, following are an experimental overall thermal efficiencies of 
common dryers that use different drying mechanisms (Earle & Earle, 2004):  
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Spray dryers 20-50% (convection),  
Radiant dryers 30-40% (radiation),  
Drum dryers 35-80% (conduction) 
   Attention should be paid to that energy can vaporise water content of sludge but a method 
must be used to dispose this moisture and non-condensable gases such as vacuum systems 
or a current of dry air. 
 
6.4.4 Mass transfer during drying 
 
   As the difference between inlet and outlet temperatures and heat-transfer coefficient are 
the main factors affect the rate of heat transfer, the difference in pressure or concentration 
and mass-transfer coefficient affecting the rate of mass transfer. The mass-transfer rate is 
proportional to the pressure or concentration difference and to the mass-transfer coefficient. 
Mass transfer can be driven from the equation q = UA T to find 
=       
 
dw/dt = the mass of water being transferred from sludge in time (kgs-1)  
A = the area where mass transfer takes place (m2) 
kg' = the mass transfer coefficient (kgm-2 s-1) 
Y = the difference of humidity (kgkg-1) 
 
The mass rate of water vapour can be calculated by: 
=  
′   ( − )
 
then 
=  ′   ( −  ) 
 
Gv = dw/dt = the mass rate of vaporisation 
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Mw = the molecular weight of water 
Pw = the vapour pressure of water at wet bulb temperature (Tw) 
R = the universal gas constant 
T = the absolute temperature 
ρA = the density of air at its mean partial pressure 
Y =the humidity of the dry air stream 
Yw = the humidity of saturated air at wet bulb temperature (Tw). 
The heat transfer rate that required to achieve this mass transfer rate of vaporisation is given 
by:  
=  ′   ( −  )  
Which can be given at equilibrium as: 





hc = the heat transfer coefficient 
T = the temperature of dry air stream 
Tw = the wet bulb temperature 
λ = the latent heat of vaporisation of a unit mass of water. 
 
   Mass transfer formula is not easily to be applied directly due to changes in the nature of 
mass movement as drying proceeds (Earle & Earle, 2004). The first stage of mass movement 
when moisture is transferred from the sludge surface to the ambient. As drying proceeds, the 
second stage when moisture from deeper layers is transferred to the surface of sludge and 
then to the air. Therefore, the relationships of water diffusion through the sludge as well as 
the relationships between the wet sludge surface and the ambient air are required for mass 
transfer calculations. Practically, heat and mass transfer are considered simultaneously. As air 
is a major heat and mass transfer medium, more focus will be given to the relationships 
between it and its moisture content (humidity). 
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6.4.5 Psychrometry of air and Psychrometric Chart 
 
   Psychrometry of air is the relationships between it and its correlating moisture including its 
temperature and its humidity.  Psychrometry of air illustrates its capacity for moisture 
removal. These relationships are represented graphically by psychrometric chart which 
represents the psychrometric processes of air including air properties such as wet bulb 
temperature, dry bulb temperature, humidity, and dew point (Figure 73). 
 
Figure 73: typical psychrometric chart. (Technical Bulletin 3 of Desert aire, 2019) 
 
   Typical psychrometric chart shows Dry Bulb temperatures (the ordinary temperature of dry 
air) as vertical lines and Dew Point temperatures as horizontal lines. The straight diagonal 
lines that sloping downward from left to right represent Wet Bulb temperatures (the 
temperature of a water surface when air stream passing over it). 
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   When the wet sludge exposed to a dry hot air stream, the temperature of air decreases 
below the dry-bulb temperature because the air loses its heat to the surface water in the 
sludge. The heat transfer continues until the dry-bulb temperature becomes equal to wet-
bulb temperature.  The rate of heat transfer from dry hot air proceeds until becomes just 
equal to the rate of heat transfer required for evaporation of water into the air stream. These 
rates can be expressed mathematically by:  
 ( − ) =   ′  ( −  )   
where 
Ta = actual temperature, Ts = saturation temperature 
Ya = actual humidity, Ys = saturation humidity 
hc = the heat transfer coefficient 
kg' = the mass transfer coefficient 





( −  )
( − )
 
   The bold black curve that forming the top edge of the chart represents the Saturation Curve. 
Saturation curve represents the conditions (temperature and pressure) wherein air is 
completely saturated with moisture. Air in such conditions that fall on this curve being not 
able to absorb any additional moisture. At saturation curve when air is saturated, both 
temperatures; the dry-bulb and the wet-bulb are identical. Moreover, at any temperature 
falls on the saturation curve, the partial pressure of the water vapour in the air is equal to the 
saturation vapour pressure of water. Partial pressure is the pressure exerted by the molecular 
concentration (the present number of moles) of a particular gas among a gaseous mixture, 
such as wet air (air with water vapour), into the total volume of the system. Thus, the total 
pressure of a mixture of gases is the sum of partial pressures of its constituents. 
   The water content of air is known by humidity (Y). Humidity is the mass of water associated 
with the unit mass of dry air. This can be expressed mathematically as: 
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=  
    






Pw = the partial pressure of the water in air vapour 
P = the total pressure 
 
  =  
   
   
  ×   
 =   ×   
 
   The relative humidity is the ratio of the partial pressure of water vapour in the air to the 
partial pressure of saturated water vapour at the same temperature. The decreasing in the 
relative humidity of the air results in the increasing of the difference between the dry-bulb 
temperature and the wet-bulb temperature. Relative humidity is given by: 
=   
 
RH = the relative humidity 
p = the partial pressure of the water vapour in the air  
ps = the partial pressure of saturated water vapour at the same temperature  
 
RH is commonly expressed as a percentage. 
=  
      
       
 ×   
=   ×   
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   In saturated air at a given temperature and pressure, the air will be in equilibrium with water 
vapour, thus, p = ps and hence RH = 100%.  
The humidity can be calculated by: 
=  
 
 ( − )
 
Y = the humidity 
Pw = the partial pressure of the water in air vapour 
P = the total pressure 
 







   Two kinds of humidity are used widely; relative humidity and absolute humidity because of 
the difference in nature of air and water. Volume of air is represented by: 





v = Volume, K = Constant, T = Temperature, P = Pressure. 
   However, the volume of a unit mass of dry air with its associated water vapour is known as 
humid volume (m3 /kg). At atmospheric pressure and ideal conditions, humid volume is given 
by: 






   Air has a compressible nature, therefore, volume of air increases as its temperature 
increases and decreases as the pressure increases. In opposite, water is not compressible and 
will occupy almost the same volume regardless its conditions. In psychrometric chart, the 
extended curved lines that come under the saturation curve represent the Relative Humidity. 
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Relative humidity is expressed as a percentage represents the amount of air volume that 
displaced by moisture in comparison to the total air volume. The absolute humidity 
represents the mass of water vapour that associated with the unit mass of dry air (kgwater/ 
kgdry air). However, the difference in the values between them does not exceed commonly 8 
per cent (Chakraverty & Singh, 2014).  
   Therefore, changes in the air volume do not affect the moisture volume, thus, changes in 
relative humidity do not affect the actual water content. In other words, absolute humidity 
concentration is the point of water vaporization regardless of the relative humidity of air. This 
is represented in the constant Dew Point Temperature which is the temperature where p = 
ps at a particular moisture content. Below the dew-point, water vapour will condense out as 
a fog or droplets. 
   In term of energy, psychrometric chart shows sensible (heating or cooling) energy and latent 
(heat or cooling) energy. Sensible heat and sensible cooling occur by adding and removing 
heat respectively with keeping the moisture constant.  Latent heat (humidification) occurs by 
adding moisture without any change in the dry bulb temperature. In opposite, latent cooling 
(dehumidification) occurs by removing of moisture without any change in the dry bulb 
temperature. The enthalpy change of moist air can be calculated be multiplying the mass of 
dry air by both the difference of temperature and by the humid heat of moist air (cs) and given 
as (KJoC/kg). 
   When a stream of wet sludge is in contact with the wet air, they, in the end, reach a point 
where the temperature of the heat lost by humid air and the temperature of the heat of 
evaporation that gained by water are equal. This case is known by adiabatic saturation 
condition. The change in total enthalpy for isothermal system adiabatically saturated can be 
given by:  
 =   ( − ) +  ( − )  =   
=  
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H is given by (kJ/kg dry air) 
cs = the humid heat of the air.  
Ta = actual temperature, Ts = saturation temperature 
Ya = actual humidity, Ys = saturation humidity 
hc = the heat transfer coefficient 
kg' = the mass transfer coefficient 
 = the latent heat of evaporation of water. 
   For drying systems working in normal conditions, the ratio above is known as the Lewis 
number and practically is widely used numerically as:  
 ′ 
 =    
 
   When the Lewis number = 1, this indicates that the adiabatic saturation line and the wet 
bulb line are identical. 
 
6.4.6 Air drying 
 
   The water content of sludge is a mix of free and bond water. Many forces their intensity 
vary from weak to very strong chemical bonds are involved. Free water has weak bonds and 
hence easier to be removed. In the first drying stage, the water content of sludge behaves as 
a free surface water. The rate of drying in this stage is known by constant rate drying. Dry 
solid content and water content of sludge can be given by: 
=    
(  +  )
  
 w = the mass of dry solid content of sludge 
 x = the moisture content of the sludge on a dry basis 
 W = the original mass of the wet sludge being dried 
 X = the mass of associated moisture content for the original mass. 
 
Then water content of the sludge starts vaporising constantly with a constant rate drying as: 
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( /  ) =  ( /  ) =  
After a while of constant drying rate, the water then vaporises more slowly. 
  
6.4.7 Drying time 
 
   Time of drying process is an important factor in dryer design. Calculating the drying time is 
not simple because it vary as long as drying process proceeds and the moisture content of the 
sludge is lower. A simplified approach can be used such as assuming that relative humidity of 
the drying air and its temperature are constant. Therefore, the time of the constant rate 
period, which is needed to reduce the water content of sludge to the critical point wherein 





   
Where  
( /  ) = ′  ( − )  
 
 Xc = the final moisture content of sludge on a dry basis (critical content). 
 Xo = the initial moisture content of sludge on a dry basis. 
 w = the dry solid content of sludge. 
 ( )  = the constant drying rate.  
 kg' = the mass transfer coefficient 
 A = the area where mass transfer takes place (m2) 
 
   By using factor f to reduce the drying rate at different moisture levels, the equations above 
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=  
( − )
 ′  ( − )  
 
 
 Xf = the final water content of sludge 
 f = the ratio of the actual drying rate of sludge to the maximum drying rate of sludge. 
 
   As mentioned before, three rates can be noticed during the drying process; constant rate, 
first falling-rate, and second falling-rate (Figure 74). Each one of these rates takes a period of 
time.  
 
Figure 74: typical drying rate curve of sludge. (Chen, Lock Yue & Mujumdar, 2002) 
 
   The rate of drying during the constant rate period can be calculated, for most design 
proposes, by this equation: 
= =  
  
 
  = ′  ( − ) 
 
Where 
 W = the rate of losing of water, 
 h = the heat transfer coefficient from air to the wet surface, 
   = the temperature difference between the air and the surface, 
 λ = the latent heat of vaporisation per unit mass, 
 ′= the mass transfer coefficient for diffusion from the wet surface through the air, 
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 A = the area of interface for heat and mass transfer, and 
 ( − ) = the difference between the vapour pressure of water at the surface and 
the partial pressure in the air. 
 
   The equation shows that  needs to be as minimum to get high drying rate.   can 
easily reach a value equal to the value of saturated air when the temperature of sludge 
surface is greater than the temperature of the air stream. In this case, the value of  will be 
zero because the air capacity to absorb moisture is zero. This will result in forming mist and 
hence probably redepositing water on the sludge surface. 
   It may be preferable to use the values of , , and  to determine the rate of drying to 
avoid the influence of the conditions inside the solid.  depends on the speed and the 





  = the mass rate of flow air (kg/s m2) 
   The high air temperature may result in the sludge temperature rising above the wet bulb 
temperature. This is due to passing a considerable amount of the heat to the sludge by 
radiation which increases the heat transfer coefficient. 
 
Figure 75: estimating the time for drying by using a rate of drying curve (University of Babylon) 
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   In order to measure the rate of drying of the sludge with presence of hot air, it is better to 
use the simplest drying curve (Figure 75); where 
   = the total moisture, 
  is the equilibrium moisture content (point E), 
 (  − ) = the free moisture content, 
  = the critical moisture content (point C) 
   Based on the rate of drying curve, the time of drying can be divided into two stages; 
constant-rate period and falling-rate period. During the constant rate of drying from the 
initial moisture content  to the point of critical moisture content   , the time of drying 






  = the rate of drying per unit area in the constant rate period, 
  = the area of exposed surface. 
 
   During falling-rate period, the rate of drying is proportional to the free moisture content 
given by ( − ). Therefore, the rate of drying is 
− 
  








Thus, the total time of drying will be  
=  
( − )
























   Different processes involve pyrolysis (Baso, 2013). Basically, pyrolysis process works to 
break down large and complex molecules of hydrocarbon into simpler and smaller molecules 
by rapid heating rate to pyrolysis temperature (350 ⁰C to 600 ⁰C) in absence of oxygen (Figure 
76) to produce gas, liquid, and solid. This process is done technically by using a chamber 
known as pyrolysor or pyrolysis reactor. This reactor contains “fluidized bed” that is fed with 
almost totally dry feedstock. The initial products of pyrolysis are vapours and solids. The solid 
product is char which in turn leaves chamber partly with vapours and the rest remains in the 
chamber. Vapours both condensable and non-condensable are released through the chamber 
to be cooled and hence separate char. Later, condensable vapours are condensed to produce 
pyrolysis oil or bio-oil while solid char are collected for several uses. 
 
Figure 76: Pasic concept of Pyrolysis: breaking down thermally large and complex molecules into smaller ones. (Campuzano, Brown & 
Martínez, 2019) 
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   To produce bio-oil, typical pyrolysis operation is by subjecting feed material to rapid heating 
rate until intermediate pyrolysis temperature reached and then immediate quenching to 
prevent any further reactions among feed molecules.   
   To facilitate the pyrolysis process, many factors need to be taken into consideration. These 
factors affect pyrolysis products as well. For instance, moisture content, feeding speed, 
particle size and other physical structure of pyrolysis feedstock have an impact on pyrolysis 
process and pyrolysis yield. Interestingly, smaller size of feed material gives a higher liquid 
yield. 
   Therefore, the both solar and conventional pyrolysis systems have the same concept. The 
main difference is the source of energy. Depending on the source of energy, pyrolysis unit 
requires supplementary equipment to achieve that. 
   The shortcomings of conventional fossil fuel-based pyrolysis are a great motivation forward 
developing a sustainable pyrolysis system. These drawbacks include diminishing the sources 
of heat energy that is required to heat the reactor, prominent global warming due to the 
extensive heat energy required to start up the pyrolysis reaction, the complication of pyrolysis 
units that have electrical heaters, the high cost of these systems as well as the potential 
environmental pollution because of the huge amount of CO2 production. Since the current 
heating systems are external biomass and fossil fuel heating system (generates huge amount 
of CO2 and causes air pollution) and internal electrical heating system (very complex and 
expensive option), therefore, solar pyrolysis is presented as a solution to eliminate these 
issues. Solar assisted pyrolysis that based on combination of solar and sludge heating system 
can be very effective because it is more eco-friendly system and more energy efficient. Solar 
assisted pyrolysis uses the solar energy as an external heating source to heat up the feed 
material into the reactor. The products of solar pyrolysis contain huge amount of heat energy 
that can be used also either to heat up directly the feed material into the reactor or to 
generate the electricity needed for continuous heating of the reactor (Figure 77). Unlike 
fluidize system, using a control valve to control the feed supply is recommended because it 
relieves a controlled fixed bed pyrolysis (Joardder et al. 2014). 
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Figure 77: a conceptual design for a solar assisted pyrolysis system. (Joardder et al. 2014) 
   
   Joardder 2014 presented one of the most reasonable desian for commertial solar-powerd -
pyrolysrs systems. This design is shown in Figure (78) where two parabolic solar concentrator 
were used to focus the solar energy over a stainless steel fixed bed reactor. Both parabolic 
solar heater and biomass heating system were used to heat up the reactor. The heater was 
surrounded by asbestoses to reduce heat loss. Nitrogen gas was used to maintain the inert 
atmosphere inside the reactor. A liquid condenser was used to condensate the gaseous 
products of pyrolysis into bio-oil by using ice-cooled liquid collectors. 
 
Figure 78: a schematic diagram of solar assisted pyrolysis system using a fixed bed reactor. (Joardder et al. 2014) 
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   The main units in the traditional pyrolysis plant are grinder, heater, reactor and condenser. 
For sludge pyrolysis, the dryer is the first main unit followed by a solar collector, reactor and 
condenser respectively. Unlike other organics, grinder is not important in the sludge pyrolysis 
unit presented in this study because the product will be similar to “flakes” which are brittle 
and can be easily broken into fine particles. Design of pyrolyzer afficts type of pyrolysis as well 
as the distribution of pyrolysis products. Therefore, the final required product should be taken 
into account in the tentative design criteria of pyrolyzer (Basu, 2013). 
   This chapter gives an overview of the main units in solar pyrolysis system and a suggested 
design to obtain the optimal yield.  
 
 
7.1.1 Practical applications 
 
   Many studies have been held to study solar pyrolysis. Interestingly, most of them were on 
a laboratory scale (Yadav & Banerjee, 2016). However, solar pyrolysis started indoor in 
laboratory environment with solar simulators as a radiation source and elliptic or parabolic 
mirrors as concentrators (Yadav & Banerjee, 2016; Zeng et al., 2017). Mercury-xenon arc 
lamps, xenon lamp, and carbon arcs were used as powerful light sources to produce artificial 
solar energy (Figure 79) (Authier et al., 2009; Boutin, Ferrer & Lédé, 2002; Tabatabaie-Raissi 
& Antal, 1986; Hopkins et al, 1984). For instance, Arribas et al. (2017) used a high flux solar 
simulator by using 7 kW xenon short-arc lamp to analyse sewage sludge, wheat straw, and 
algae.  Two kinds of mirrors were used in this system: one flat mirror and two ellipsoidal 
mirrors. One of the ellipsoid mirror hosted the arc discharge while the flat mirror used to 
reflect and concentrate emitted radiation on the second ellipsoid mirror. The reactor was 
made from stainless steel. This design gave 5800 kW/m2 as a maximum flux at the focal plane. 
Interestingly, solar simulated pyrolysis of sludge produced as maximum as 74 vol% syngas in 
a different range of temperatures. 
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Figure 79: High Flux Solar Simulator (HFSS) to produce artificial solar energy in Germany. (Institute of solar research DLR) 
 
   As a sequent result of solar research, Zeng et al., (2015) used a series of heliostat mirrors to 
reflect and redirect the solar radiation continuously to a parabolic solar dish collector which 
focuses solar radiation on the reactor at the focal point. The parabolic solar dish of Zeng et al. 
was downward facing dish with 1.5 kW maximum power and 15000 W/m2 flux density. The 
reactor was a pellet located at the focal point of the dish and was designed with inlets for 
argon entrance as a sweep gas and outlets for reaction products. The pellet was surrounded 
and insulated by a transparent graphite crucible. A shutter was used to control the 
temperature and heating rate in the reactor by applying Proportional Integral Derivative (PID) 
Controller which modifies the incident solar radiation.  
   This system was modified by Zeng et al. (2015) by using a 2m diameter downward facing 
parabolic mirror with 0.85m focal length and adding a sensor to detect the sun and then 
adjust the system to achieve maximum concentration. In term of reactor, it was made from 
transparent Pyrex and argon was used as a sweep gas to wash its walls and hence pass the 
radiation. Later in (2015) also, Zeng et al. modified the previous system to a system works in 
direct normal irradiance by using a solar dish that is able to concentrate 1 kW/m2 of flux 
intensity of direct normal solar radiation to 15,000 kW/m2.  A solar blind optical pyrometer 
was added to the system to measure the reaction temperature. The reactor was a 6L balloon 
made from transparent Pyrex and was heating directly from the solar dish. The process was 
optimized by using Box-Behnken design. 
   Zeaiter et al. (2015) in an experiment on scrape tyres as a feedstock, approved that Fresnel 
lens can be used efficiently as solar collector for pyrolysis process. They used Fresnel lens with 
solar tracking system to maximize the reaction temperature to 850°C with 1500 W/m2 solar 
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intensity from simulated radiation. Catalysts such as Metal oxide particles (Weimer et al., 
2008), TiO2, HUSY, and H-beta (Zeaiter et al., 2015) were used to improve pyrolysis product 
distribution. Excluding TiO2, catalysts relatively have positive impact on quantity of liquid yield.  
   Linear Mirrors were used also in a design of solar system. They were used to concentrate 
solar radiation on the reactor which placed at 5m from the set of mirrors. The reactor was 
rectangular and hollow from steel. Their system was able to raise the temperature to 500°C 
within 90 min (Grassmann et al., 2015). 
   In the same concept, different types of direct and indirect heating solar reactor were 
designed. The term “Direct heating” in solar pyrolysis is usually used to describe a solar system 
where the feedstock in the reactor absorbs the heat required for the reaction directly from 
the sun after it has been concentrated by a solar collector and focused on the reactor (Zadik 
& Israel, 2011). Therefore, the reactor should be transparent or comprised inside a 
transparent shell or has an opening to allow concentrated sun radiation reaches the feedstock 
(Weimer et al., 2008). Indirect heating systems usually use heat transfer fluid (HTF) that 
absorbs the heat from solar collector and then transfer it to the reactor through the heat 
exchanger. Thus, the reactor can be opaque and may be away from the solar collector. 
Despite gases can be used as HTF, liquid materials are commonly used namely molten salts 
and heat conducting or mineral oils (Jakahi, 1984; Xiang, 2017). 
   Figure (80) shows a diagram and schematic diagram of a solar system for pyrolysis of sludge 
has been designed by Zadik & Israel (2011). This design is more about how to assemble 
different parts together to create a solar system rather than specifying a design for every 
single part. Their design describes a self-sustainable combination of a solar tower, a thermo-
regulated sensor, a control unit, solar thermal reactor, and sludge drying unit.  
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Figure 80: Diagram and schematic diagram of solar system for sludge pyrolysis. (Zadik & Israel, 2011) 
    
   According to (Zadik & Israel, 2011), two solar collectors (preferably parabolic dishes or 
heliostats mirrors) can be used. First one to collect and reflect solar radiation to the second 
collector. Second one is downward facing collector located over a tower to collect the 
concentrated radiation from the first collector and focus it on the reactor to generate 
temperature about 1200°C. Solar collector system is provided with a sun tracking device and 
a sensor to measure sunlight radiation received and then solar energy generated by the 
system and hence feasibility of operating the unit. The unit is operated and shut down via 
control unit based on the output data from solar sensor. The reactor that can be fluidized bed 
reactor, fixed bed reactors, super critical water reactor, or vacuum pyrolysis reactor is 
exposed directly to concentrated sunlight, and thus it is comprised of two shells: outer one is 
transparent from quartz for protection and minimizing heat lost whilst inner one is the 
reaction shell. This solar thermal reactor that can run selectively by solar energy is equipped 
with one inlet for sludge feeding, outlets for discharging pyrolysis products, and sensors.   
These sensors that can be Resistance Temperature Detectors (RTD), thermocouples, solid 
temperature sensors (thermistor) measure the temperature inside the reactor and hence 
determine the rate of sludge entry by sending output data to the control unit. Sludge that is 
carried to the reactor via a helical screw conveyor can be also companied with a stream of 
inert gas through the inlet while the outlet is also covered by a transparent shell for more 
transmission of the solar radiation.  
   Dewatering unit can be a vacuum less evaporation unit equipped with a sensor for sensing 
the moisture content of the sludge and providing output data to the control unit. A spiral 
press conveyor or hot air blower can be used to achieve more drying of sludge. The acceptable 
moisture content of sludge to be able to send to the reactor according to Zadik & Israel (2011) 
system ranges from (40%-60%) of initial weight. The control unit, in turn, comprises a 
processor to process the output data received from different sensors and a display unit to 
display all measured data such as real working time, amount of sunlight received, amount of 
solar energy concentrated by mirrors, amount of solar energy consumed by the reactor, rate 
of sludge inters and leaves the dewatering unit to the reactor, amount and rate of production. 
Therefore, the control unit should be configured to run based on several variables such as the 
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real time of sun shining, internal heat, the dewatering unit, rate of initial dewatering, sludge 
feed rate, rate of pyrolysis, temperature, time of residence, and rate of product discharge. 
   The reactor can be heated directly via concentrated solar energy or indirectly via heat 
carriers such as hot sand, ceramics, synthetic fluids, or molten salts. Indirect heating can be 
employed to heat solar reactors during night time which gives more opportunity to run the 
solar pyrolysis facility for 24 hours per day.  
 
7.2 Design of solar pyrolysis dryer 
 
   Drying process is considered as one of most important steps in sludge management 
specifically thermochemical treatment processes. The most efficient dryer should take into 
consideration different factors such as energy consumption, resident time, properties and the 
moisture content of outputs. The water content of sludge affect the calorific value of sludge 
and its auto-thermal combustion and hence the required amount of energy for reaction. To 
achieve auto-thermal reaction without auxiliary energy, the moisture content of sludge 
should be less than 50%.  
 
Preparing of sludge mixture  
However, to produce Sludge Flakes with 10% output moisture content, the moisture content 
of input sludge should be high enough to make the spreading process over the dryer walls 
easy and without -auxiliary energy. To moderate the moisture content of sludge up to 
reasonable percent, the feed raw sludge can be also mixed with hot bio-char generated from 
pyrolysis reaction (5% of initial mass) as well as a percent of dry sludge (7-10% of initial mass) 
to achieve high heat transfer, fast drying, and to overcome sludge sticky phase as well. 
   To solve spreading issue, sludge of reasonable moisture content (about 75%) can be also 
mixed with used frying oils, used mineral oils, grease or animal fat from a meat processing 
plants as a pre-preparation step for drying. Experimental results of this study show that 
mixing a mass of raw sludge with waste mineral oil (5-7% of the initial mass of raw sludge) 
has significant impact in term of spreading as well as results in producing Sludge Flakes (Figure 
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81). Furthermore, experiments of drying oily sludge (mixture of raw sludge and waste mineral 
oil) also demonstrate that the oil does not involve in the structure of dry sludge or even in its 
final mass DS (Figure 82). However, despite the mixture is easier to spread and results in 
sludge flakes, its drying time is longer than raw sludge Figure (82). The experiment was done 
by using a Moisture Analyser KERN & Sohn GmbH, TYPE DBS 60-3, SN WB17AH0888. A 1mm 
layer of this mixture was subjected to a relatively high temperature (200 °C). The process was, 
to some extent, like a semi-fry process. With the progress in drying process, the sludge layer 
shrunk from 95mm diameter to 67mm diameter but it remained interconnected as a 
complete unit unlike raw sludge. It was exactly like a flake. Figure (83) illustrates a 
comparession between the final product of drying raw sludge and oily sludge.  
 
Figure 81: Sludge Flakes as a result of drying oily sludge. 
 
 




















Moisture Content Vs. Drying Time for pure sludge & oily 
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A layer of 1mm thickness oily 
sludge at 200 ⁰C 
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Figure 83: results of drying raw sludge and oily sludge 
 
   Frying sludge was presented as drying process by Ohm et al. (2009), Romdhana et al. (2009), 
Wu et al. (2012), Chang et al. (2013), and Chae et al. (2016). Using used frying oil as a feed 
material for pyrolysis process was experimented by Billaud, Gornay & Coniglio (2007). The 
biofuel from pyrolysis process of waste cooking oil fried sludge was studied by Wu et al. (2020). 
However, all studies indicate that mixing sludge with oils or grease more likely to result in 
positive impact on the drying process as well as the liquid yield of pyrolysis. Moreover, oily 
mixture helps to avoid the sticky phase and crust phenomenon of sludge. 
 
Preparing of dryer 
   Many experiments had been done to find out how to achive the best performance of the 
dryer. Despite many parameters can affect the dryer efficiency, two main parameters were 
examined to find out the drying time and then the productivity; operating temperature and 
the thickness of sludge layer. Experiments show that a layer of 2mm raw sludge needs 4537 
seconds (1:15:37) to be dry at 120 ᵒC while the same layer needs 2973 seconds (00:49:33) and 
1878 seconds (00:31:18) to be dry at 150 ᵒC and 200 ᵒC respectively. In other words, higher 
temperature results in shorter drying time. Means that, at 200 ᵒC the dryer can do one run 
every half hour approximately. According to letreatures in sloar energy, such temperatures 
(200ᵒ) can be obtaind by using Solar Parabolic Trough Concentrator which is able to provide 
stagnation temperature up to 600 °C with optical efficiency about 80%. 
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Figure 84: Drying time for a layer of 2mm thickness at different temperatures 
 
   Determining the perfect thickness of sludge layer was very challenging. The main difficulty 
was spreading process. Raw sludge is very sticky and can easily stick on the inlet tube walls as 
well as dryer walls. Stickness of sludge is highly required in such design of rotating dryers to 
produce sludge flakes. Adding oil to the sludge can ease spreading process but it also reduces 
the sludge stickness. Experiments had been done to measure the proper amount of oil to be 
added to the sludge with maintain its stickness. Therefore, experiments show that a layer of 
1mm thickness is the best in term of drying time but it is also challenging in term of its oil 
content and spreading process. 2mm and 3mm layers are not efficient from time perspective. 
The best and easiest experimental thickness was 1mm (Figure 85). The oil content of 1mm 
layer does not highly affect the stickness character of sludge. The best oil content was 
measured to be 5-7% of the initial mass of raw sludge. The thickness of 1mm meets also the 
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Figure 85: Drying time for sludge layers of different thicknesses. 
 
   To accelerate the drying process, the heat energy results from the pyrolysis reaction is 
conveyed by air and then blown in the dryer. Heat exchanger and air pump is used for this 
purpose.  
   For design purposes, drying process to produce Sludge Flakes was modelled via Solidwork 
designing program (Figure 84) based on parameters have been taken from laboratory analysis 
for a specific municipal sludge sample from Hamilton Wastewater Treatment Plant. The dryer 
is a metal tube (copper) with 100cm diameter 100cm length. The thickness of its wall is 1.5 
mm.  
   Due to the stickness of sludge, a screw convoyer is used inside the inlet tube to carry the 
sludge from the hopper (mixer) and to spread it over the dryer wall. The screw convoyer with 
a special design shows great performance in this regard because it works as a mixer, convoyer, 
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Figure 86: Using Solidwork program to designing & model a novel solar dryer for Sludge Flakes production 
 
    
Design of the inlet screw convoyer 
   Design of screw convoyer depends on parameters such us the nature of the feedstock 
material and the feedstock flow rate and it should include four main physical characteristics; 
the length of the convoyer, inside and outside diameter of the convoyer shaft, the distance 
between adjacent fins (the pitch), and the clearance as shown in Figure (87). 
 
Figure 87: the main dimentional charactaristice in the convoyer design 
   The standard flight is when the pitch-diameter ratio equal to 1.0. According to Bortolamasi 
and Fottner (2001), the minimum distance between adjacent flights must be ≥ 0.5 the screw 
diameter (dscrew) and the maximum pitch must be equal to the screw diameter (dscrew). In 
compare to outside diameter of the screw, Evstratov et al. (2015) stated that the pitch must 
not be more than 1.5 and not less than 0.9 of the outside diameter. 
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   Recognizing the feedstock characteristics are the first step in screw convoyer design. 
Feedstock with abrasive charactaristics needs to be given special consideration during the 
designing of screw convoyer. Convoing sticky materials such of sludge is complicated and 
increase torque requirements due to their tendency to jam and arch. However, screw 
convoyers run with a load factor ranges between 15 - 45%. The recommended load factor for 
sticky material is 15% (Figure 88) 
 
Figure 88:  suggested load factor of screw convoyer based on the feedstock charactarastics. (Campuzano, Brown & Martínez, 2019) 
 
   In term of flighting characteristics, Figure (89) below shows of flight characteristics and 
geometries according to the manual of screw conveyor components and design of Conveyor 
Engineering and Manufacturing Co. (2012). 
 
Figure 89: Flight and pitch types, characteristics, and geometries and their applications 
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   Therefore, the recommended type for sludge is a screw convoyer combined between 
shaftless and interrupted flight screw convoyer. This means that the convoyer needs to have 
a relatively big shaft diameter, small flight outside diameter, and long pitch. 
   However, the material in this study is known as wet oily sludge (abrasive). The maximum 
capacity of the screw convoyer is 15%. The required is to calculate the size, speed, and 
charactaristics of the auger convoyer. 
Sludge density is 1020 kg/m3.  
Area of drayer wall (2πr.h) = 2*3.14*0.5*1 = 3.14 m2 
Volume of sludge on drayer wall in one round = 3.14 m2 * 0.001 m = 0.00314 m3 
Mass of sludge on drayer wall = Density * Volume = 1400 kg/m3 * 0.00314 m3 = 4.396 Kg. 
According to the experiments: a layer of 1mm sludge needs 0.5h to be dried. 
The capacity of the drayer per one hour is:  4.396 Kg / 0.5h = 8.792 Kg/h 
The design of the screw must meet the drayer capacity or greater. 
 
With 
Q = screw capacity in kg/h 
D = screw diameter in m 
S = screw pitch in m 
N = screw speed in rpm 
α = loading ratio 
ρ = material loose density in kg/m3 
C = inclination correction factor 
Therefore, according to the engineering manual guideline 
Qscrew = 60 * (3.14/4) * (0.05)2 * (1.5* 0.05) * 7 * 0.15 * 1020 * 1 = 9.273 Kg/h 
Qscrew (9.458 Kg/h) is ≥ Qdrayer (8.792 Kg/h) 
Sohaib Hasan 1279857                                                                                                                                170 
   The convoyer design should be as following: 
Screw diameter 5 cm, screw pitch 1.5 diameter (4.5 cm), screw speed is 5 rpm, loading factor 
is 15%, and flight outside diameter is 10 cm. 
 
Figure 90: the common pitch scales based on the characteristics of the material to be conveyed according to the diameter of the screw. 
(Engineering resources for powder processing industry) 
 
 
Figure 91: Maximum and minimum loading factor of the screw based on the flow properties of the material. (Engineering resources for 
powder processing industry) 
 
 
Figure 92: inclination and correction factor of the screw convoyer. (Engineering resources for powder processing industry) 
 
 
Figure 93: Some reference maximum screw speed as given in the manual guidline of engineering resources for powder processing industry 
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   The tube (dryer) rotates horizontally around the x-axis between a couple of sliding parabolic 
trough concentrators to heat up the dryer evenly and uniformly (Figure 82). These two 
concentrators of 7 m2 each are able to track the sun and focus the solar energy linearly over 
the dryer wall in a focal line of 100 cm tall. The rotating tube is located inside a case of 
transparent quartz which is provided by a vacuum pump to maximize the drying process. Air 
pump or (air blower) is also used to blow the hot air coming from the heat exchanger 
(products of pyrolysis reaction and air) into the rotating tube. Therefore, drying process 
occurs thermally; directly and indirectly by convection (hot air), conduction (metal wall of 
dryer), and solar radiation (sun rays passing through quartz case). 
 
Figure 94: Conceptual design of solar dryer to produce Sludge Flakes 
 
 
Design of Parabolic Trough Concentrator    
   Although the maximum geometric concentration ratio, Cg, is about 25 and 70 practically and 
theoretically respectivally, it (Cg) can be given by 
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= =   
Where   
            the outer diameter of the receiver steel pipe (0.002 m) 
               collector length (1m) 
          the width of parabola aparature  
 β        the acceptance angle. The minimum acceptance angle is 32′ (0.53°). Most 
commercial PTC designs have acceptance angles within the range 1–2°, with 




Since the focal area will be a line on the dryer wall, then  can be considered 0.45 m, and 
the geometric concentration ratios 5. Therefore,  = 7.065 m  
Area of parabolic trough is                                                  
 
Where,                                                                                               
a:  ½ of  
b: the depth of the parabola 
 
Therefore, the area of parabolic trough (Ap) is  
Ap = (4/3) * (1.413/2) * (1.5) = 7.065 m2 
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Two parabolic troughs are used for the dryer, then the total area = 7.065 * 2 = 14.13 m2, which 
is enough to suplly the system with heat energy required for drying. 
 
The rim angle, ψ, can be calculated as a function of the parabola focal distance, f , and 






8 ∗ 2 ∗ 7.065






tan =  −8.025 
Therefore   = -82.896952891° 
 
Reflectivity, ρ , of the collector reflective surface which is clean silvered glass mirror is around 
0.93. This is also affected by optical losses which forms about 25% of the total solar flux 
incident on the PTC aperture plane. 
Transmissivity of the glass cover (quartiz case), τ. It is typically τ = 0.93, and can be increased 
up to 0.96 by anti-reflective coatings applied on both sides of the case. 
The peak optical efficiency of the PTC, η ,  is usually in the range 0.74–0.79 for clean, good-
quality parabolic trough collectors. 
 
Heat losses and energy 
The efficiency of the entire PTC systems is    calculated as  
=  _
_
     
 and 
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_ =  ∙ ∙ cos( ) 
_ =  ∙ (ℎ − ℎ ) 
Where 
 _     is the  solar energy f lux incident on the aperture plane 
 _     is the useful thermal energy delivered by the PTC 
    is the collector aperture surface area. 
   is the direct solar irradiance (NDI) (average for Jordan is (2045 + 2922)/2 
    is the incidence angle (average 35°) 
      is the sludge mass flow through the collector receiver tube = the capacity of the 
drayer = 8.792 Kg/h = 0.0024422 Kg/s 
 ℎ   is the sludge specific mass enthalpy at the collector outlet KJ/Kg = [(0.29090926 
KJ/s + 0.248744904 KJ/s) / (0.0024422 Kg/s)] = 220.971 KJ/Kg 
 ℎ   is the fluid specific mass enthalpy at the collector inlet KJ/Kg = [(1.195517508 
KJ/s)/ (0.0024422 Kg/s)] = 489.52482 KJ/Kg  
 
_ =  ∙ ∙ cos( ) 
_ =  (7.065 ∗ 1) 2 ∗  2483.5  ℎ/ 2 ∗  cos(35) 




_ =  3.9927
KJ
s
 ÷  0.0024422   





_ =  ∙ (ℎ − ℎ ) 
_ =  0.0024422
Kg
s
∗ 489.52482 − 220.971  
_ =  0.0024422
Kg
s
∗ 268.55382  
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=  80.26 
 
   The efficiency ŋ of a parabolic trough collector which is the ratio of the thermal power 
absorbed by the heat transfer fluid to the direct normal irradiation on the aperture area can 
be also calculated by: 
 
ŋ =   
 
= ŋ − ( − )  
 
ŋ = ( ) cos  
 





 ŋ  the efficiency of the parabolic trough 
 ŋo the optical efficiency 
 Uc  the solar collector heat transfer loss coefficient that depend on the 
temperature (W/m2. °C)  
 Ib  the direct normal irradiation (W/m2) 
 Qu  the heat received by collector (W)  
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 Tc  the absorber temperature (oC) 
 Ta  the ambient temperature (oC) 
 Uc0 and Uc1  are constant determined from empirical test (W/m2.°C) 
 Aa  Total area of the absorber (m2) 
 Ac  total collector aperture area (m2) 
 C  the concentration ratio  
 ρc  the mirror reflectance    
 αc   the absorptance of the receiver    
 τc the transmittance of the receiver  (absorber and glass cover)     
 γ the intercept efficiency (in most cases it is =1 “assume all reflected ray are 
intercepted”    
 θi  the incidence angle  
   Varies depends on collector’s mirror type and collector direction (East, west, 
north, or south) 
  δ the declination angle  (o) 




( ) = 1 − cos sin ℎ 
the incidence angle for Parabolic trough (PT) collector  
 
(cos ) = ( )  
the incidence angle for Linear Fresnel  (PT) collector 
where 








Sohaib Hasan 1279857                                                                                                                                177 
= 1.413 m2 
   
= + ( − ) 
= + (200 − 27) 
Empirically,  
Uc0 = 1.967 (W/m2.°C)   And 
Uc1 = 0.021 (W/m2.°C) 
= 1.967 + 0.021(200 − 27) 
= 5.6  W/m2 °C 
  
The mirror reflectance (ρc) ranging from 99.8% up to 99.999%. For this design, the mirror 
reflectance is 99.9% 
The absorptance of the receiver (αc) typically for selective coatings is higher than 96%. 
The transmittance of the receiver (τc) is 93%. 
The intercept efficiency (γ) in most cases is =1 
 The daily average of the incidence angle (θi) is 45° 
 
Therefore, 
ŋ = ( ) cos  
ŋ = 0.999(0.96 ∗ 0.93) ∗ 1 ∗ cos 45 
ŋ = 0.631 = 63.1% 
 
 
= ŋ − ( − )  
The average direct normal irradiation DNI (W/m2) (Ib) for Jordan is 2483.5 KW/m2 = 2483000 
W/ m2. 
= 0.631 ∗ 2483.5 ∗ 7.065 − 5.6(200 − 27) ∗ 1.413 
= 11071.48 − 1368.91 
= 9702.57  
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ŋ =   




ŋ =  0.80268 = 55.3% 
 
 
Heat transfer to the drying system (dryer) 
   Although all types of heat transfer are applied in this design; conduction, convection, and 
radiation from direct sun rays, the most transfer of heat in this design occurs through 




Q: Heat transferred which should be ≤ the heat received by collector. Heat received by the 
collector is 9702570 W 
K: Thermal Conductivity (for copper 0.99 (cal/sec)/(cm2 ֯C/cm)). Note that 1 (cal/sec)/(cm2 
֯C/cm) = 419 W/m K. Then K = 414.81 W/m K. 
THOT: Hot temperature (200 ֯C = 473 K) 
TCOLD: Cold Temperature (27 ֯C = 200 K) 
t: Time Second (one second) 
D: The thickness of the material (0.15 cm = 0.0015 m) 
A: Area of surface (the area subjected to focal line of parabolic trough concentrator = 0.45 * 
1= 0.45 m2). 
 
Therefore,  
Q= 414.81 W/m2 * 0.45 m2 * 173 K * (1) (sec) / 0.0015 m 
Qtransfered to the dryer = 21528639 (W/m2) 
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The heat received by collector (Qu) = 68548657.05 W/m2 
Total energy required for the drying system (dryer) is 1399.34841 W/ m2 
Therefore, the heat transfer is sufficient to dry the inlet sludge.  
 
   However, inside the rotating tube (dryer), the tube of mixture inlet is fixed very close to the 
tube walls from inside (Figure 83). To achieve the best performance, the inlet tube should be 
fixed 2.5 mm away from the wall of dryer. A spreading scrapper is attached to the inlet tube 
on the opposite direction of the dryer rotation to ensure getting the best uniform spreading 
of sludge mixture over the dryer walls and hence uniform layer of sludge. The scrapper is 
movable to control the thickness of sludge layer as desired up to 3 mm. 
 
Figure 95: schematic diagram of solar dryer to produce sludge flakes. 
 
   On the opposite side of the inlet tube, a scraper is fixed inside the dryer (Figure 83). This is 
to scrap the dry layer of sludge flakes after every complete rotation and to ensure that dryer 
wall is clean for the next layer. In addition to the nature structure of dry sludge, the scraper 
has been designed to remove the dry layer in small pieces rather than one layer.  
The rotating tube (dryer) has two linear holes for unloading (Figure 83). These two holes allow 
the dry layer of sludge, which is removed by the scraper, to find its way to the reactor. 
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When the sludge flakes drop from the dryer holes, a parabolic trough will collect them and 
drive them to a tube which is opened from the top along the holes of dryer (Figure 84). Sludge 
flakes in this tube are taken to the reactor by a screw feeder (Figure 81). Inert gas is blown in 
the feeding tube of reactor before leaving the quartz case of dryer as shown in the schematic 
diagram (Figure 85 & 86).  
 
Figure 96: a parabolic trough to collect the sludge flakes and to lead them to the screw feeder of reactor 
 
 
Figure 97: schematic diagram of proposed design for the solar pyrolysis unit. 
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Figure 98: schematic diagram shows the general design and main parts of solar pyrolysis unit. 
   
Results of thermochemical decomposition of Hamilton City sludge 
   As mentioned before, pyrolysis is a thermal decomposition of material in an inert ambient. 
The results of this thermochemical reaction are volitaile matters, syngas, vapour, liquids of 
bio-oil and tar, and solids of fixed carbon and ash as shown in Figure (99). These components 
vary from sludge to another and it is very important to measure these component for our 
samples from Hamilton Wastewater Treatment Facility. Three samples were run in the lab by 
using Simultaneous Thermal Analyser STA 8000 from PerkinElmer which is known also as TGA 
device. The samples were dry sludge with 10% moisture content in powder form. The 
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conditions of the experemints were: initial temperature was 30 ֯C, final temperature 700 ֯C, 
Argun is the inert gas, heating rate 10 ֯C per minute, resident time is 10 seconds and then 
oxygen was allowed to measure the ash content. 
 
Figure 99: Schematic diagram illustrates pyrolysis process and its main four products. (Campuzano, Brown & Martínez, 2019). 
   
   The conditions of the experemints were: initial temperature 30 ֯C, final temperature 700 ֯C, 
Argun is the inert gas, heating rate 10 ֯C per minute, resident time at 700 ֯C was 10 seconds 
before oxygen was intered for complete compostion to measure the ash content of Hamilton 
sludge. Results show that water content evaporates at the first step. In the average of three 
samples, the water vapour is about 10%, the volatile organic solids content of Hamilton sludge 
(dry basis) is about 40%, fixed carbon content (dry basis) is 20%, and ash content (dry basis) 
is 40% as shown in Figure (100). 
 
Figure 100: experemintal results of Hamilton sludge decompostion 
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   Pyrolysis device has been modelled based on the solar intensity and the ambient 
temperature of Hamilton City in NZ. Results from previous calculations were taken in 
consideration. The both solar intensity and ambient temperature were measured for every 
hour per day of 365 days a year. The parameters that are taken in consideration in this model 
are Correction (days) -8, Daylight hours adjustment 1, Peak adjust (MJ/m2) 0.75, Peak mean 
adjust (MJ/m2) 0.1, Total adjust (MJ/m2) 4, Total mean adjust (MJ/m2) 2, Peak sunlight (time) 
12, Gaussian spread correction 0.205, and Cloud cover correction is 0.3. In term of PTC, total 
rea is 7.2 m2, efficiency is 80%.  
   Raw data show that daylight hours are about 9 hours in short days (winter) and about 17 
hours in long days (summer) (Figer 101). 
 
Figure 101: hours of daily sun appearance during a year. 
   It also show that the maximum energy can be received in summer days higher than other 
seasons (Figure 101). During the daytime the maximum energy can be received in the midday 
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Figure 102: the peak of solar intensity during the year days. 
 
Figure 103: Amount of total solar energy received during the day 
    
   The zenith of daily solar energy (Figure 104) and the solar incedince angle (Figure 105) are 
positive indicator about the possibility of solar pyrolysis at - small scales- especially in sunny 
days. However, the average of solar energy received daily as shown in figure (106) indicates 
to the necessity of employing heat recovery from pyrolysis reaction and burning of pyrolysis 
gases to achieve higher productivity. Using such kind of energy recovery will be very useful to 
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Figure 104: zenith of daily solar energy during a year 
 
Figure 105: angle of daily solar incedince during a year 
   Despite the average of daily solar intensity in NZ is encouraging, the productivity of solar 
pyrolysis device can be considered zero in some days of winter as shown in figure 106. 
However, New Zealand is not on of Sunbelt countries, which could give this project higher 
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Figure 106: average of daily solar intensity in a year 
 
   A couple of parabolic trough solar concentrators with 7.2 m2 total concentrating area were 
considered to increase the solar incedince over the dryer ten times. The concentrator 
efficiency is considered as 80%. Results show that total heat energy collected from the sun 
can exceed 25 MJ in summer days as shown in Figure (107). In winter days it can be less than 
5 MJ but it is still sufficient in most days to start up the pyrolysis reaction. However, the peak 
of heat energy received by dryer from the sun light is shown in Figure (108). 
 
Figure 107: average of total daily solar energy incedince over the dryer from Parabolic Trough Solar collector. 
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Figure 108: the peak of heat flow (MJ) for dryer from concentrated sunlight 
 
   However, these raw data were modled to calculate the productivity of the solar dryer as 
well as the solar pyrolyser. Depending on formulas of drying theory, air moisture holding 
capacity, and sludge and air enthalipy, results show that dryer is able to produce a reasonable 
amount of dry sludge (0% of moisture content) by direct solar energy from collectors which 
can exceed 50 Kg per day as shown in Figure (109) below. Heat recovery from pyrolysis 
reaction and burning the gaseus production of pyrolysis result in maximizing the productivity 
of dryer as the heat energy gained will increase as well (Figure 110). 
 
Figure 109: daily production of the dryer by direct concentrated solar energy from the parabolic trough concentrator. 
   Figure (110) below shows the total heat energy that flow into the dryer. The total heat flow 
is the summation of concentrated sunlight, heat recovery from hot air, and burning of gaseus 
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Figure 110: total daily heat energy flows into the dryer from sunlight, heat recovery and burning of pyrolysis gases. 
   More heat flow into the dryer will result in more productivity of dry sludge. The total hourly 
and daily production is shown in figures (111 and 112) respectively. 
 
Figure 111: hourly mass flow of dry sludge at the outlet of the dryer 
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   A comparision between results in figure (109) and figure (112) shows that solar energy is 
required to start up the pyrolysis process but, in the meantime, exploiting the heat energy 
that results from pyrolysis reaction can increase the productivity several times. For example, 
the maximum daily production of dryer by solar energy was about 55 Kg per day while the 
maximum daily production of dryer by exploiting the sources of heat energy from pyrolysis 
itself is about 260 Kg per day. However, results show also that solar pyrolysis can be run in 
winter or cloudy days as the minimum production of dryer is more than 50 Kg per day (Figure 
112) which is technically sufficient to run the device in term of dry sludge availability.  
 
7.3 Design of solar pyrolysis reactor 
 
   In addition to operating parameters such as pyrolysis temperature, heating rate, lodging 
time, and chemical and physical features of pyrolysis feedstock, the design of pyrolysor itself 
affects pyrolysis product yield (Basu, 2013). Based on pyrolysor design, pyrolysis process can 
be determined mainly as fast pyrolysis or slow pyrolysis. The fast process is widely used to 
produce bio-oil within seconds. Particularly, yields of fast pyrolysis is around 60% bio-oil, 20% 
biochar and 20% syngas. Whilst slow pyrolysis requires several hours to produce mainly 
biochar. However, to increase the pyrolysis liquid yield, important features need to be 
implemented in the design of the reactor; flexibility for high heating rate, able to withstand 
for high temperature, able to achieve quick disposal of solid products and fast passing of 
produced vapours as the residence time of these vapours in the reactor should be less than 3 
seconds (Basu, 2013).  
   The type of reactor affects significantly pyrolysis in term of heat transfer, residence time, 
mixing process, and the efficiency of the reaction. According to Basu (2013), there are seven 
types of Pyrolyzer; fixed or removing bed, bubbling fluidized bed, circulating fluidized bed 
(CFB), ultra-rapid reactor, rotating cone, ablative reactor, and vacuum reactor. Although each 
reactor has its own characters and usages, the best performance reactors are batch or semi 
batch reactors, continuous flow reactors such as fixed-bed reactor, fluidized bed, auger 
reactor (screw reactor) (Campuzano, Brown & Martínez, 2019) and Conical Spouted Bed 
Reactor (CSBR) (Sharuddin, et al., 2016). Other thermal technologies were developed by using 
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different concept of pyrolysers such as microwave-assisted technology and fry technology but 
they are out of this study scope. 
   However, the reactors used for solar thermochemical processes divided broadly into two 
groups; directly heated reactors (Figure 87) and indirectly heated reactors (Figure 88). The 
reactants in directly heated reactors are directly exposed to the concentrated solar radiation 
whilst those in indirectly heated reactors are exposed to the concentrated solar radiation 
through an opaque surface such as quartz or glass which is heated first and then transfers the 
heat to the reactants (Yadav & Banerjee, 2016). 
 
Figure 113: directly heated solar reactors. (Yadav & Banerjee, 2016) 
 
 
Figure 114: indirectly heated solar reactors. (Yadav & Banerjee, 2016) 
 
   For purpose of pyrolysis, indirectly heated solar reactors are more desirable to avoid gas 
emissions. Since reactor is a pillar of pyrolysis unit, thus its design is the vital part in all 
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pyrolysis systems. Although obtaining uniform heating throughout whole surface of the 
reactor for solar and solar assisted heating systems (both continuous and intermitted solar 
assisted heating) is challenging, design of solar reactor is simpler and easier than those of 
conventional reactors of pyrolysis. However, to achieve uniform heating for the reactor 
surfaces, Joardder et al. (2014) reported that using a rotating reactor exposed to a continuous 
solar heating from sliding solar concentrator (Figure 89) will result in evenly heated up reactor 
as well as raising up the feed material temperature evenly to the optimum temperature. 
 
Figure 115: design of continuous solar heating system using rotating reactor to obtain complete solar pyrolysis. (Joardder et al. 2014) 
 
   In the current design of this study, the solar reactor is a small-diameter rotating metal tube 
firmly surrounded by a transparent quartz tube of bigger diameter (Figure 90). The reactor is 
designed to rotate horizontally. The reactor of 12 mm diameter metal tube is designed from 
inside to be a screw reactor. Dry sludge flows through the reactor with a velocity of about 
0.257 cm/s.  
 
Figure 116: Conceptual design of the proposed solar reactor 
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   The reactor receives the concentrated solar radiation from a beam down solar arrangement 
by using a couple of parabolic dishes; 200 cm dish to receive the solar radiation and to reflect 
it to a 20 cm dish which in turn focuses the solar radiation above the reactor. The small 
diameter of the reactor is to achieve uniform heating and the screw design to achieve optimal 
reaction for the whole feed material. The length of the reactor tube depends on the required 
rate of heating to obtain the maximum liquid yield. The transparent quartz tube that works 
as a greenhouse assists to keep the heat energy of the reactor as long as possible. 
   The general design of the present solar pyrolysis reactor is shown in Figure (91). It shows 
the general conceptual design of the proposed solar pyrolysis reactor by this study. 
 
Figure 117: the general conceptual design of the proposed solar pyrolysis reactor. 
 
   However, this design was modelled through Solidwork. The productivity of the reactor is 
counted only for eight hours of day time (the theoretical results are shown below).  The ability 
of molten salts to store and carry heat energy is employed in this design to heat solar reactor 
during night time, which gives more opportunity to run the solar pyrolysis unit for 24 hours 
per day. 
   As mentioned before, results of thermochemical decompositionof Hamilton City sludge 
show that water content evaporates at the first step. In the average, the water vapour is 
about 10%, the volatile organic solids content of Hamilton sludge (dry basis) is about 40%, 
fixed carbon content (dry basis) is 20%, and ash content (dry basis) is 40%.  
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Design of auger screw reactor 
   The design of the outlet screw convoyer (screw reactor) is similar to the inlet wet sludge 
screw convoyer with taking two main differences in consideration. The first one is the nature 
of dry sludge which is granular and to some extent can be dusty. Therefore, the recommended 
load factor for dry sludge is 45%. 
   The second one is the amount of heat energy that involves in the pyrolysis reaction. Yang et 
al. (2013) stated that determining the amount of heat required for pyrolysis reaction plays 
essential role in designing reactor and its quantity is known as the enthalpy for pyrolysis. 
Therefore, the reactor design should take into account the capability of the screw reactor to 
receive the heat supply and its size. However, previous studies show that the enthalpy of 
required for pyrolysis at 550 °C in single-screw reactor ranges from 1.1–1.6 MJ/kg for biomass 
(Yang et al. 2013) and  around 1.9 MJ/kg for waste tires (Daugaard & Brown, 2003; Martínez, 
et al. 2013). 
   Therefore, the design of screw reactor should meet the flow rate of dry sludge from the 
dryer (size), nature of dry sludge, and amount of heat energy required for pyrolysis. 
Capacity of dryer is 8.792 Kg/h of wet sludge. 
Moisture content of inlet sludge is 75% and outlet dry sludge is 10%. 
Productivity of dryer = 8.792 Kg/h – (8.792 Kg/h * 65%) = 3.0772 Kg/h of dry sludge. 




Q = screw capacity in kg/h 
D = screw diameter in m = 0.04 m 
S = screw pitch in m= 1.2 * dscrew = 1.2 * 0.04 =  
N = screw speed in rpm= 2.5 rpm 
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α = loading ratio = 30% 
ρ = material loose density in kg/m3 = 1400 Kg/m3 
C = inclination correction factor = 1 
The pitch depth is 1 cm to achieve the best interaction with the direct heat supply from the 
solar concentrator through the reactor tube wall.  
The results are 
Q = 60 * (3.14/4) * (0.042) * (1.2 *0.04) * 2.5 * 0.30 * 1400 * 1 = 3.798 Kg/h 
Qscrew ≥ Qdryer then the design is acceptable from size perspective. 
 
From enthalpy perspective,  
The heat required for sludge pyrolysis is around 0.2668 KJ/s 
The total capacity of convoyer = 3.798 Kg/h * (1h/ 3600 s) = 0.001055 Kg/s 
The total heat required = (0.2668 KJ/s) / (0.001055 Kg/s) = 252.891 KJ/Kg = 0. 252891 MJ/Kg 
Then, the enthalpy of the screw reactor is acceptable as it does not exceed the recorded 
average for other biomass (1.1 – 1.6 MJ/Kg).  
 
Design of Parabolic Dish Concentrator 
   Parabolic dish concentrates sunrays in a focal point. The focal opoint (circle) should not 
exceed the diameter of the screw reactor. For the best efficiency, the diameter of the focal 
point should be smaller than the diameter of the reactor. Since the reactor is cylindrical, the 
surface area of a cylinder is (2πr). Only half this area is exposed to the concentrated sunrays. 
Then 
=  = . +  6
.  . ( + 4 ) −  





 . ( 0.1 + 4 ∗ 0.04 ) − 0.1  
 =0.06283 m2 
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Theoritically,  should be ≥ 1.4  m2 to provide the sufficient heat energy for the 
pyrolysis reaction in the reactor without losses. 
The area of parabolic dish can be calculated through this formula, where a= 50cm and b= 
100cm. 
= . + 
6
.  . ( + 4 ) −   





∗ ( 1 + 4 ∗ 0.5 ) − 1  
3.1415+2.1[2.83 – 1] 







= 111  
   Parabolic dish is a point focusing concentrator. The highest concentration ratio can be 
achieved by this dish is theoretically 2000 with an efficiency up to 40% (Joardder et al. 2017). 
The small parabolic dish (20 cm diameter) concentrates the solar rays over the reactor as a 










C  = is the concentration ratio of the solar dish = 111 
I  = direct solar radiation on the solar dish, W/m2 = the average direct normal solar 
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                 irradiation DNI (W/m2) of Jordan = 2483.5 KW/m2 = 2483000 W/ m2. 
   = reflectivity of the concentrator = 0.93 
K  = the thermal conductivity coefficient of the receiver, W/(m.K) = The thermal 
conductivity coefficient (K) of copper = 414.81 W/m K, then 
 
= (111) ∗ 2483000 ∗ 0.93 ∗ 414.81 
= 288612746.5 W 
 
The usable energy output of the receiver is  
= −  
 = is the usable energy from the receiver,  
 = total optical energy reach the receiver  
 = Energy losses by the system 
 
But   
= . −  
 
 = the sludge coefficient of heat losses of 441 W/m2.K 
= 0.06283 ∗   441 ∗ (833 − 300) 
= 0.06283 ∗   441 ∗  (533) 
= 14768.38 W 
Therefore, 
= 288627514.88 W 
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  = is the dish apparatus diameter. 
 =  
 ( )
=  3.1415 m2 
 
 =  
 ( . )








3.1415 × 2483000 
= 79.93% 
 
   For the parabolic dish collectors, the optimum rim angle is 90o. However, it will be much 
better if it is very close to 90o. Thus, to calcolate the rim angle (∅) from the first section, 




      = is the distance from any point of the dish surface to the focal point (receiver) (m). 
Therefore,  




∅ = 2 × tan
2
6
= 2 ∗   18.434948823 




1 + cos ∅
 
      = is the receiver distance (focal point) from the edge of the dish (m) 








= 2.863 m 
 
Now to calculate the area of the receiver ( ) which is a screw reactor (cylindrical tube) 
= 2 ℎ 
a        = is the height of the cylindrical receiver 
ℎ        = is the contact surface of the receiver cylinder 




Where, c       = is a hypotenuse distance between the focus and the dish boarders (edge) =1.566 
m 
1.566 =  
sin (36.87)
 
a = 0.9996023809 m 
Therefore, the receiver (receptor) radius ( ) is, 
= ( − ) × sin(
2
) 
= (2.863 − 1.566) × sin(
2
) 
  = the sun angle as it is seen by a circular dish in radian. It depends on the location and 
it’s too small (0.266o to 0.53o) according to (Villamil, Hortúa & Lopez, 2013). It can be obtained 
from solar and geometry data. For Jordan,  is around 0.511o. Therefore, 




=  0.0129319742 m = 12.932 mm 
Then,  
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ℎ =
2 ×
cos ( − ∅)
 
= 90 +  
2
 
= 90 +  
.
 = 90.2555 o 
Therefore, 
ℎ =
× .  
 ( .  . )
 = 0.04336483 m 
Then, the area of the receiver is  
= 2 ℎ 
= 2 ∗  0.9996023809 ∗ 0.04336483  
= 0.27236 m2 
 












=  1.5 
 





     = is the fraction of the concentrator (collector) aperture area, which is not shadowed by 
receptor at noon.  
 =  −   
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 =  2  (1 − 0.7)2 






=  0.91 
Dish optical efficiency is calculated by   
=   
αc : the absorptance of the collector =  0.96  
τc  : the transmittance = 0.47 
 : reflectivity of the concentrator = 0.93 
=  0.96 ∗ 0.47 ∗ 0.93 ∗ 0.91 
=  0.3819 = 38.19% 
Average temperature of the sludge inside the reactor (receiver) can be estimated by  
=  






 = Emissivity of the receiver. The receiver is made from copper heated and covered with 
thick oxide layer with emissivity of 0.78 
=  
27 + 1570000 × (1 −  0.3819) ×




=  582.91 ᵒC 
 
Heat transfer through reactor wall 
=  . .   
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Where 
Q: Heat transferred 
M: mass flow rate of dry sludge 
CA: Specific Heat of dry sludge 
ΔT: Difference in temperature 
 
   Although all types of heat transfer are applied in this design; conduction, convection, and 
radiation from direct sun rays, the most transfer of heat in this design occurs through 
conduction process, therefore, 
=  
. ( − )  
 
Where 
Q: Heat transferred 
K: Thermal Conductivity of copper = 0.99 (cal/sec)/(cm2 C/cm) or 385 W/m K. 
THOT: Hot temperature = 582.91 ᵒC 
TCOLD: Cold Temperature = 200 ᵒC 
T: Time second  
D: The thickness of the material (m) 
A: Area of surface (m2) = area of the receiver = 0.27236 m2 
=  




385 ∗ 0.27236 (582.91 − 200) ∗ 1 
0.0015
 
=  26767736.31 W 
   The amount of heat energy provided by the parabolic dish collector is generaly sufficient for 
the pyrolysis reaction. 
   However, pyrolysis process has been modelled to determine the feasibility of solar pyrolysis. 
The raw data and parameters used for solar pyrolyser are the same as the dryer. From the 
calculations above, the area of parabolic solar collector dish were considered as 2 m2 and its 
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concentration efficiency is 90%. Results show that solar pyrolyser can process more than 30Kg 
of dry sludge in the sunny hours. Figure (118) below shows the consumption of the pyrolyser 
from dry sludge in one of summer sunny days. Interestingly, the heat energy received from 
solar collector dish is sufficient to decombust this amount of dry sludge. However, the 
pyrolyser receives the whole amount of dry sludge produced by dryer (Figure 119). The 
modelling process aims to determine whether the heat energy provided by the solar 
concentrator is sufficient to run the pyrolysis reaction or not. Empirically, thermochemical 
combustion of Hamilton sludge shows that it contains 30% of light volatiles, 14% of heavy 
volatiles, 16% of very heavy volatiles, 23% fixed carbon, and 17% ash.  
 
Figure 118: mass flow of dry sludge into the solar pyrolyser during a sunny summer day 
 
 





















































Mass flow of dry sludge into the pyrolyser
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   Three sources of heat energy are used for pyrolysis; heat that flows in the reactor with dried 
sludge (Figure 120), heat flow for pyrolysis from sunlight through concentrator (Figure 121), 
and heat flow for pyrolysis from burning pyrolysis gases (Figure 122). As shown in these 
figures, heat flow from burning pyrolysis gases is several times bigger than heat energy from 
the sun. However, solar energy is needed to start up the reaction. Sustainability of solar 
pyrolysis depends on the result of subtracting heat energy required for the reaction from total 
heat energy provided. Positive surplus indicates to the possibility of the pyrolysis reaction. 
 
Figure 120: total daily heat flow in of dried sludge for pyrolysis 
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Figure 122: total daily heat flow for pyrolysis from burning pyrolysis gases 
 
Figure 123: the surplus of heat energy for solar pyrolysis device 
 
   For the solar pyrolyser in this study, the surplus of heat energy indicates clearly to the 
feasibility of solar pyrolysis although it has a small mergine in winter days (Figure 123) . In 
summer days where the sun shines long hours without cloud and the ambient temperatures 
are relatively high, it can be seen that the mergine surplus is larger than winter days. 
   However, although the surplus of heat energy is encouraging, the solar pyrolysis is more 
challenging. When the thermal mass component of the equipment is taken in consideration 
to account for the heat required to heat up the equipment material and a heat loss 
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energy in one of the summer sunny days. It can be seen that the surplus is positive when sun 
is clear during thew daytime and it moves to be negative during the night-time. In other words, 
the system receives energy during the daytime and looses energy during the night time and 
cloudy days. When surplus is negative, the reaction is not possible. This concludes that the 
solar pyrolyser can't run for more than ten hours daily which reduces the final productivity. 
Heat storage systems such as molten salts can be useful to maintain the positive surplus of 
heat energy and hence the productivity. However, such kind of these system might be not 
possible at this stage because of the small mergine of surplus unless a separate solar collecting 
system is provided to heat up the molten salts. Increasing the collecting area of the parabolic 
dish can be another solution but it is also not feasible from practical perspective because of 
the cost and the limited area that could be available specifically for householders.  
 
Figure 124: the total surplus of heat energy for one of summer sunny days. 
 
8. The novel design of this study 
 
   The novelty of this design is represented in the merging process of available literatures in 
different arts (MSW, Sludge, Pyrolysis, Harvesting of solar energy, and Drying theory) to build 
up a pyrolysis unit that runs entirely by solar energy. This design merges waste disposal 
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produce a sustainable solution for global waste issue. Since the municipalities are responsible 
about waste disposal, then the best waste management practice is likely to be reducing the 
volume of waste collected from householders. Therefore, this study can be an initial trial to 
set the cornerstone for the final goal which is producing a household solar pyrolysis units 
exactly similar to ovens, refrigerators, and washing machines. This in turn, will result in lower 
volume of waste to be collected, lower municipal spending on waste disposal, and lower 
environmental consequences. Furthermore, this will change the social understanding about 
the “waste”. The waste will be a benefit for individuals which will change their behaviours 
against unwanted items “waste”. This unit can be a sustainable solution in solid waste 
management specifically for those countries on the Sun Belt.  
   The merging process was challenged mainly by the nature of solid waste and the moisture 
content of solid waste, among others. To overcome the nature of solid waste, this study has 
focused on sewage sludge as a part of municipal solid waste. The chemical structure of sludge 
is complex which makes sludge processing very complicated in comparison to other sloid 
waste processing. Successful processing of sludge at small scale indicates to the feasibility of 
processing other types of municipal solid waste in a household unit. 
   The main challenge in sludge processing is its high moisture content. The merging process 
of available literatures led to a novel idea to produce a novel product; “Sludge Flakes”. 
Producing sludge flakes requires spreading of a relatively high moisture content sludge over 
a very hot surface to make thin layers. Structure of sludge in addition to other phenomena 
during sludge drying such as skin formation, sticky phase, shrinkage, and cracks phenomenon 
led to produce a novel mixture. This mixture contains wet sludge, dry sludge, hot biochar, and 
finally grease, fat, or waste oil. This mixture is easier to spread, easier to scrape and faster to 
dry because the final product will be a layer of almost semi-fried sludge. 
   Drying process of this novel mixture requires a dryer with a novel design. This study 
demonstrates a novel conceptual design for a rotating solar dryer. The dryer is a drum rotates 
inside a quartz shell. The quartz shell is located between two parabolic trough solar 
concentrators. The dryer consists of inlet tube contains a screw convoyer. A linear spreader 
is fixed on the exit hole of the tube. A linear scraper is fixed also on the body of dryer which 
has linear holes to drop the final dry sludge. When dry sludge falls from the linear holes, finds 
its way to the solar reactor via screw conveyer.  
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   Interestingly, a simple change by replacing the spreader and scraper with a rotating 
cylindrical net contains blades like grinders will make this dryer suitable for all different kinds 
of organic municipal solid wastes such as bread, fruit peels, vegetables, etc. It can be also 
developed to be used like a grinder for other kinds of municipal solid wastes such as plastic, 
tyres, papers and cardboard.    
   Employing technologies of harvesting solar energy to provide the pyrolysis unit with heat 
energy and electricity to be operated completely by solar energy is also one of this study 
novelties. Different kinds of solar concentrators as well as solar photovoltaic systems (PV) 
were used in this design.   
 
9. Potential economic value of solar pyrolysis products 
 
   Products of pyrolysis mainly bio-oil and biochar make it one of the most efficient Waste-to-
Energy thermochemical conversion processes (Campuzano, Brown & Martínez, 2019). Using 
solar energy as a heat source rather than current sources such as fusel fuel makes pyrolysis 
more attractive environmentally and more valuable economically. The oil prices outlook 
indicates that oil prices will volatile to be around 180 US$ per barrel in 2030 (Oxford 
Economics, 2010) which with other factors such as reducing production cost and finding 
economic uses for pyrolysis products result in potential bloom in value creation of solar 
pyrolysis products (Haruthaithanasan et al., 2016).  
   The available reviews show that solar pyrolysis products can have a reasonable calorific 
value making them useful as a fuel source. For example, the biochar combustion value is over 
1800 Kcal, thus it can be used as a low calorific value fuel in different industrial application. 
According to Xiuguang (2016), the market price of biochar is about 90 US$/ton. This in turn, 
could cover about 18% of the production cost of bio-oil (Rogers & Brammer, 2012). Other 
saving such as sludge transport cost and sludge disposal cost should be taken in consideration.  
   Other products of solar pyrolysis (oil and gases; methane, hydrogen, etc.) are more valuable 
and have economic benefits. The normal price of Hydrogen is about 15 US$/Kg but it 
sometimes jumps to more than 26 US$/kg. The energy content of a kilogram of hydrogen is 
about the same energy content as a gallon of gasoline (Brown, 2015; McKinney et al. 2015). 
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Yadav & Banerjee (2016) have evaluated the hydrogen production cost by different solar 
methods. The results are encouraging. The market prices for pyrolysis oil depend significantly 
on its quality and hence its energy content. Pyrolysis oil prices range from 0.3-0.75 US$/litter 
(Indiamart.com; Alibaba.com) which are also encouraging. Finally, solar pyrolysis ash has 
broad application prospects as a raw material for the production of ceramsite and lightweight 
building materials. 
   However, the sludge in the current design of this study does not need to be tempered or 
dehydrated as a pre-treatment condition which minimizes the total cost of pyrolysis process. 
Furthermore, this design of the solar system is able to treat various sewage sludge without 
using other chemical additives that used as modifiers such as CaO. Avoiding these additives 
will improve the calorific value of the sludge (Xiuguang, 2016). The relatively small area 
needed for solar pyrolysis facility is also unmatched by other technologies. 
The table (10) below demonstrates the productivity of our small sludge solar pyrolysis plant. 
Productivity 
Working time of plant (hr)   8 
Fraction oil content in volatile 
solids 
  0.6 
Oil density (Kg/m3)   850 
Average Wet sludge 
consumption (Kg/day) 




Average Dry sludge production 
(Kg/day) 
Wet sludge consumption (Kg/day) * 
(1-moisture content wet base) + 
Moisture content flow of dry base 
*3600 * working hours 
146.96 
 
Average Volatile solids 
(Kg/day) 
Volatile solids (Kg/s) * 3600 * Working 
hours 
44.09 
Average Oil production (L/day) (Oil production (Kg/day) / Oil density 
(Kg/m3)) * 1000 (L/m3)  
51.87 
Average Char production 
(Kg/day) 
(Fixed Carbone content + Ash content) 
* Dry sludge production (Kg/day) 
31.7829 
 
Average Gas production 
(Kg/day) 
(1- Oil fraction) * Dry sludge 
production (Kg/day) 
58.785 
Table 10: productivity of the small sludge solar pyrolysis unit of this this study. 
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10. Results and Conclusion 
 
   The huge volume of solid waste generated every year is a global issue. Three reasons have 
associated with this issue; environmental, economical, and social. Technology can offer an 
optimal solution able to cover theses three reason by producing a household solar pyrolysis 
device.  
   Sludge, as a part of municipal solid waste, has a specific consideration in solid waste 
management.  There is a very limited number of literature on the integration of solar system 
with sludge pyrolysis. Current studies show various degrees of success at a pilot scale. This 
study gives clear indication about the feasibility of manufacturing a household solar pyrolysis 
device due to its sustainability, low energy consumption, low operating cost, and its relatively 
low equipment investment. 
   This device is designed to treat sludge although it is able to treat different types of municipal 
solid wastes. The main part in this device is the dryer. This study investigated the possibility 
of drying sludge instantly to produce Sludge Flakes. Results show that the efficient drying 
process of sludge depends on the mixing process of sludge with other components. The 
mixture consists of wet sludge, dry sludge, hot smashed char, and waste oil, fat, or grease. 
The best formula for the mixture (percentage of each component) to produce Sludge Flakes 
needs further study. However, results are promising. Despite mixing sludge with other 
municipal solid wastes (mainly biomass) is out of this study scope, it can result in perfect 
mixture to produce flakes. 
   However, this research illustrated that the average daily production of this dryer per 8 sunny 
working hours was around 51.87 litters of bio-oil, 31.78 Kg bio-char, and 58.785 Kg syngas. 
The dryer can be run over 24 hours a day by using thermal energy storage tanks. Samples of 
Hamilton Wastewater Treatment Facility was used with 30% of light volatiles, 14% heavy 
volatiles, 16% very heavy volatiles, 23% Fixed Carbon Content, and 17% of Ash Content all on 
dry basis. Two Parabolic Trough Concentrators (PTC) of 7.2 m2 total area and 80% efficiency 
were used. A beam down solar arrangement of two Parabolic Dish Concentrators with 90% 
concentrating efficiency were used also to provide an Auger solar reactor with the energy 
required; 2m2 and 0.4m2 reflecting area. The reactor is a tube from copper with 12mm 
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diameter. The best results were measured when the average mass flow into the reactor is 21 
kg/hr. Four normal photovoltaic cells (fifteen square foots each) of Linear Fresnel 
Concentrators (LFC) were also used to provide the unit by 880 Watts electricity. 
   Heat energy is the vital player in pyrolysis process through all its stages (drying, reaction, 
and condensing). Solar energy can be employed successfully to provide this device with direct 
heat energy by solar harvesting technologies. Furthermore, solar energy can be also 
employed to generate the electric energy needed to operate the device.  Therefore, the 
utilization rate of solar energy is almost 100% which makes the investment cost is relatively 
low. 
   The current design aims to maximize the bio-oil yield by applying fast pyrolysis reaction. The 
daily yield (8 working hours) of this small device was 51.87L bio-oil (0.5$/L), 31.7829Kg char 
(0.1$/Kg), and 58.785Kg gas (15$/Kg). All volatile solids and 60% of pyrolysis gases were burnt 
to increase the productivity. The rest is 23.514Kg gases. According to the market price, the 
total income will be about 381.82329 US$ per day. However, the market prices of the yield 
generated from solar pyrolysis of sludge and other residual biomass and waste can be a new 
source of income for families especially those in rural areas and developing countries. This 
device will induce them to clean their area as a source of income which could result in low 




   This study is to investigate the feasibility of manufacturing a household solar pyrolysis 
device. Such kind of work can not be done totally at one stage. It can be the fundamental 
work further study. For example, further research are needed to find the best formula for the 
sludge mixture to produce sludge flakes. Most components of present mixture are sludge-
based materials. Mixing sludge with other biomass wastes may give perfect results. This 
device is designed basically to treat sludge. Further research are needed to develop it to be 
suitable for all kinds of solid wastes.  
   Furthermore, this study was done in New Zealand which is not one of the Sunbelt countries. 
Although the figures show that solar pyrolysis of sludge has high potential in Jordan and 
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Middle East countries in term of plenty of solar energy and sunny days, further studies need 
to be done there. Moreover, more experiments are needed to find out the impact of different 
metals and different types of coating materials on the productivity of this device. However, 
although solar pyrolysis can be described as an affordable eco-friendly technology that can 
be used directly by householders as a source of energy, its viability and feasibility in Middle 
East still need further study. However, with few fully sunny days per year, difficult situation 
(Covid19 Ara), and limited financial sources, this study can be a cornerstone for further 
research to achieve the final goal; household solar pyrolysis device.  
   Commercializing “the household solar pyrolysis device” as well as its products will be very 
helpful in term of waste management. This device more likely will induce people to adopt 
“self society cleaning vision” to achieve benefits and clean their area.  
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